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Oil-water two-phase flows are commonly found in petroleum industry with the 
possibility of having dissolved corrosive gases. Even though oil and water transport  
simultinously, they natuarally get separated in the pipelines before reaching the separation 
plant and cause internal pipelines corrosion. The objective of the present research is to 
numerically evaluate some design and operation parameters effecting the separation of oil and 
water and measure their effect in terms of water holdup and flow patterns change. 
The evaluation covered the pipe length to diameter ratio (L/D) in the range from 29.7 
to 58.8 and the Reynolds numbers for the inlet mixture in the range from 6.37x10
3
 to 1.59 
x10
5
 based on different variables related to operation, oil properties and piping geometries. 
The work is compared to a base case selected according to normal operation and design 
application in Saudi Arabian Oil Company (Saudi Aramco). The base case has an oil and 
water mixture flow in a horizontal pipe of 15.4 cm (6 inch) inner diameter. The mixture is of 
Arabian oil of API 39 and 30% water cut. The oil density is 830 kg/m
3
 and the viscosity is 2.0 
cP. The water density is 998.2 kg/m
3
 and the viscosity is 1.0 cP. The inlet mixture flow rate is 
assumed to be at a velocity of 1.0 m/s minimum velocity as recommended by Saudi Aramco 
standards. The different variables are: operating conditions including: mixture inlet velocities 
 xiv 
 
of 0.5, 1.0 and 2.0 m/s and water cuts of 20, 30 and 50% WC, oil physical properties 
including: densities of 662, 830 and 998.2 Kg/m
3
 and viscosities of 2.0, 15.0 and 30.0 cP and 
pipeline geometry including: inner diameter size of 10.2, 15.4 and 20.2 cm, pipe inclinations 
of 0, 15
o
 upward and 15
o
 downward and two types of internal turbulators (Type A and B).  
The outcomes of the present research are compared to the available experimental data 
that are conducted for identical design conditions as the present work as applicable to show 
good agreement in terms of different flow patterns and water holdup. The present research 
show that increasing mixture velocity, oil viscosity and pipe diameter results in more mixing 
area of oil and water and less water holdup. It also shows that increasing water cuts and 
upward inclined flow result in more water holdup. The downward inclined flow shows less 
water holdup. The reported flow patterns in the present work range are: Segregated, Semi-
segregated, Semi-mixed, and Semi-dispersed. As free water at the pipe bottom is a source of 
corrosion, all operation and design parameters that can enhance water separation should be 
considered in the design stage and controlled during normal operation. One method of 
mitigating corrosion is to use inhibitors. However, different inhibitors require different 
specific flow pattern for better effectiveness. Internal turbulators might be a good tool to 
create certain flow patterns that can be suitable to inject the right inhibitors at the right 
environment and that requires conducting further investigation in this field.  Mitigating 
corrosion will contribute in reducing the corrosion that costs the Kingdom of Saudi Arabia 
industry about $1.4 billion a year [Tems and Al Zahrani, (2006)]. 
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ٚ حمٛي إٌفط اٌّخزٍفةخ  أثبسِٓ  اٌحذ٠ذ أٔبث١تفٟ  غبٌجب َِؼب  ٚاٌّبء  )فطإٌ( اٌض٠ذ اٌخبَ ضخ٠   
 .ّّبسسخ شبئؼخ فٟ صٕبػخ اٌجزةشٚيوِب رحٍّٗ ِٓ ثؼض اٌغبصاد اٌّسججخ ٌزؤوً اٌحذ٠ذ  إٌٝ ثبلإضبفخ
 ٙبداخةً انٔبث١ةت لجةً ٚصةٌٛبنٔفصةبي رٍمبئ١ةب  ثثبٌشغُ ِٓ ضخ اٌةٕفط ٚاٌّةبء ِؼةب  إن أْ اٌخٍة١ط ٠جةذأ 
٘ةزا انٔفصةبي اٌّجىةش . اٌةخ, غةبصاد, ِةبء, إٌةٝ ص٠ةذ, وً ِةبدح ػٍةٝ حةذح  ٌفصً اٌّخصص ّؼًّ اٌ
ٞ زإٌةٝ إعةشاء ٘ةزٖ اٌجحةش اٌة ٜدّةب أِ رؤوةً انٔبث١ةت ِةٓ اٌةذاخًٌٍخٍ١ط داخةً انٔبث١ةت  ٠زسةجت فةٟ 
ّبء ػٓ اٌض٠ذ ٚ رغّؼٗ رسبسع أفصبي اٌِٚؼشفخ ِذٜ رؤص١ش٘ب ػٍٝ  اٌؼٛاًِدساسخ ثؼض ٙذف إٌٝ ٠
وّ١ةخ اٌّةبء ػةٓ رش٠ةك حسةبة ٠مةبط رةؤص١ش وةً ػبِةً . ِسةزخذِب  اٌحسةبثبد اٌؼذد٠ةخفٟ لبع انٔبث١ةت 
 .رجؼب  ٌزغ١ش اٌؼٛاًِ اٌخٍ١ط أّٔبرٚ رغ١ش  انٔجٛةزغّغ فٟ لبع اٌّ
 .8.85 إٌةٝ 7.92زشاٚػ ثة١ٓ ٠) ق /ر( برٌٛٙ إٌٝ لطش٘ب ٔسجخ اٌزٟ ٔبث١تاناٌذساسخ  ذغط
 ٚاٌةزٞ انٔجةٛةخً ذػٕةذ ِة خٍة١طٌٍ )سلةُ س٠ٌٕٛةذص( د٠ٕبِ١ى١ةخ اٌسةٛائً اٌذساسخ ػذد رّ١١ض ذشٍّوّب 
 اٌّزغ١ةشادضاصةخ أٔةٛاع ِةٓ ٌ رٌةه ِةٓ خةاي اٌزطةشقٚ  x015 95.1 إٌةٝ  x 013 73.6٠زشاٚػ ثة١ٓ 
٘ةزٖ  ِةٓ أصةشاٌزحمةك  ٚرُ .اٌحبٍِخ ٌٍٕفط انٔبث١ت ٚ  ٌٍٕفط ، اٌخصبئص اٌف١ض٠بئ١خ زشغ١ًاٌحبٌخ ٌزشًّ 
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ٌاسزخذاِبد فٟ اٌّؼبًِ إٌفط١خ وّةب ٚفمب وحبٌخ أسبس١خ  حبٌخ اٌزٟ رُ رحذ٠ذ٘بثبٌ ٔزٙبسّمبثاٌّزغ١شاد 
 لطةشٖ اٌةذاخٍٟ أفمةٟ أٔجةٛةاٌةٕفط ٚاٌّةبء  ٌٕمةً انسبسة١خ ٌحبٌةخارسةزخذَ  .فٟ ششوخ آساِىٛ اٌسةؼٛد٠خ
 93خ ِؼبِةً دسعةخ وضبفةرٚ  اٌخف١ة اٌخبَ  ؼشثٟض٠ذ اٌاٌ ِٓط ٌخٍ١وّب ا خز١ش ا .)ثٛصخ 6(سُ  4.51
  3َ/ وغةةُ 038ـرمةذس ثةةاٌض٠ةةذ   وضبفةخح١ةةش أْ  .٪03 ـرمةةذس ثة ءاٌّةبٚ٠حزةٛٞ ػٍةةٝ  ٔسةجخ ِةةٓ   IPA
ٍِةٟ  0.1ٍضٚعةخ اٌٚ  3َ/ وغةُ 2.899ثةـ اٌّةبء رمةذس وضبفةخ ٚرمةذس. س.ٍِةٟ ثبسةىبي  0.2ٍضٚعةخ ٌاٚ
ٓ وؤلةً سةشػخ ٌٙةزا إٌةٛع ِةس /َ 0.1 ثةـ انٔجةٛةذخً ِةػٕةذ سةشػخ اٌخٍة١ط وّب ح  ةذدد  .س.ثبسىبي
ِةٓ  ِةٓ خاٌٙةب رةُ اٌزحمةك اٌّخزٍفخ اٌزٟزغ١شاد اٌّ .ّشاعغ اٌخبصخ ثآساِىٛ اٌسؼٛد٠خرجؼب  ٌٍاٌسٛائً 
 0.1, 5.0(سةشػخ اٌخٍة١ط اٌةذاخً : ظشٚف اٌزشغ١ً ٚ رشًّ :ٟلآررجؼب  ٌ ىْٛر  اٌخٍ١ط أّٔبررغ١شاد 
: رشةًّٕفط ٌٍٚةخ ٌخةٛاا اٌف١ض٠بئ١ةاٚوةزٌه . %) 05ٚ  03, 02( ٚ ٔسةجخ اٌّةبء اٌةذاخً ) س/َ 0.2ٚ 
 ٚأخ١ةشا   .(س.ثبسىبيٟ ٍِ 0.03ٚ  0.51, 0.2( ٚ اٌٍضٚعخ ) 3َ/ وغُ 2.899ٚ  038 ,266(  ىضبفخاٌ
 انٔبث١ةةةتأحةةةذاس , ) سةةةُ 2.02, 4.51 ,2.01( ِمةةةبط اٌمطةةةش اٌةةةذاخٍٟ : رشةةةًّٚ ٕ٘ذسةةةخ انٔبث١ةةةت
 .)سعةخد 51( فًانسة إٌةٝٚ , )سعةخد 51 ( انػٍةٝ إٌةٝ ِبئةً أٔجةٛة,)دسعةخ 0(أفمةٟ  أٔجةٛة(:ٌ١شًّ
  .اٌّضجزخ داخً انٔبث١ت) Bٚٔٛع  Aٔٛع ( اٌخٍط دساسخ رؤص١ش ٔٛػ١ٓ ِٓ أعٙضح رّذ وزٌه
ثبٌشغُ  .ّّبصٍخاٌحبند اٌسبثمخ اٌّزٛاعذح ٌٍ اٌؼٍّ١خػّبي ٔزبئظ ٘زا اٌجحش ِغ انِمبسٔخ  ذرّ
 إٌِٝطبثمخ  اٌحبٌ١خ وبٔذ إٌزبئظ إْأن  .ثزؤص١ش وً ػبًِ ػٍٝ حذحٙزُ رٟ زاٌي اٌّّبصً بػِّٓ ٔذسح ان
 ؤّٔبرثٔزبئظ ِزؼٍمخ  ِٓ ٛصً إٌ١ُٗ اٌزرحٛي ِب  ّّبصٍخاٌحبند ٌٍ اٌّزٛاعذح اٌؼٍّ١خ يلأػّبٌوج١شا حذ 
, اٌذاخً ط١ٍص٠بدح سشػبد اٌخ إْ ذث١ٕاٌذساسخ اٌحبٌ١خ  .اٌخٍ١ط ٚوّ١خ اٌّبء اٌّزغّغ فٟ لبع انٔبث١ت
ٚرمٍ١ً إِىبٔ١خ  ِٕطمخ اٌزّبصط ث١ٓ اٌّبء ٚ إٌفط ٠ض٠ذ تانٔبث١ لطشإٌفط ٚص٠بدح ضٚعخ ٌ ص٠بدح 
إٌفط ِغ  اٌّ١بٖ اٌذاخٍخٔسجخ ص٠بدح  أْ واَ ِٓ ٚرج١ٓ أ٠ضب. انٔجٛةأفصبي اٌّبء ٚرغّؼٗ فٟ لبع 
رذفك  إْ رج١ٓ ث١ّٕب .ٔبث١تانلبع ض٠ذ رشاوُ اٌّ١بٖ فٟ ٠ ٌلأػٍٝ انٔجٛةْ ِ١ا ثبرغبٖ ٚرذفك اٌخٍ١ط
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 ث١ٓ اٌؼًّ اٌحبٌٟ شىً  .ٔبث١تانلبع ٠مٍص رىذط اٌّ١بٖ فٟ  انٔجٛة ِْ١ارغبٖ ثب ٌلأسفًاٌخٍ١ط 
اٌزشغ١ً ٚ حبند ظشٚف اٌخٍ١ط ثٕبَء ػٍٝ بد رذفك ١سٍٛو رحذدلذ  ٚاٌزٟ اٌخٍ١ط اٌّخزٍفخ أّٔبر
 أّٔبرٚ , ٚشجٗ ِخزٍطخ ِٕفصٍخ شجٗ ,ِٕفصٍخ أّٔبر :٠ّىٓ رٍخ١صٙب وبنرٟاٌزٟ اٌزصبِ١ُ اٌّخزٍفخ ٚ
اٌؼًّ  ١غتف انٔبث١ت زآوًٌ أسبس١با  ِصذس ٠ىْٛ ٔبث١تان لبع اٌّ١بٖ فٟ أفصبي إْثّب ٚ. ٚعخِّض
 اٌزشغ١ً اٌّخزٍفخ احزّبنداٌزصّ١ُ نسز١ؼبة عّ١غ   إصٕبء انصِخٚػًّ انحز١بربد  رخف١ضٙب ػٍٝ
ِٙب ٌحّب٠خ ٠ّىٓ اسزخذا ٕ٘بن ِٛاد ِؼشٚفخ فٟ اٌصٕبػخ. اٌزٟ لذ رسجت أفصبي اٌّبء فٟ انٔبث١ت
اظٙش ح١ش . فؼبٌ١زٙب ٌٍزّىٓ ِٓ ح  سٓإٌّبسجخ ) إٌّط( خاٌج١ئٌٚىٓ رحزبط  اٌزآوًضذ  انٔبث١ت
 خوج١ئ انسزفبدح ِٕٙب٠ّىٓ اٌزٟ اٌّضط ِٓ اٌّّىٓ خٍك ثؼض أّٔبر أٔٗ  اٌخٍط اٌضبثزخ اسزخذاَ أدٚاد
ثؼض اٌزغبسة فٟ ٘زا  شاءإعٚ ٘زا ِب لذ ٠زطٍت  اٌزآوًضذ  انٔبث١تحّب٠خ  ِٛاد لإضبفخِٕبسجخ 
اٌّبء فٟ  أفصبياٌس١طشح ػٍٝ  رٙذف إٌٝاٌض٠ذ اٌخبَ  ٚاٌّبء  ٔمً اٌجحش فٟ ػٍّ١خ أّ٘١خ .اٌّغبي
فٟ اٌٍّّىخ  صٕبػخاٌ   اٌزآوًٍىح١ش ٠٘زا انٔفصبي إٌبرظ ػٓ  زآوًاٌ رخف١  رىٍفخ انٔبث١ت ٚ
 .ٍِ١بس دٚنس سٕٛ٠ب   4.1سة بِب ٠م اٌؼشث١خ اٌسؼٛد٠خ
 
 
 
 
 
              
 علىمال ت لنيل ديجة الواجستير في هذه الذياسة أعذ
 عبِؼخ اٌٍّه فٙذ ٌٍجزشٚي ٚاٌّؼبدْ
 اٌٍّّىخ اٌؼشث١خ اٌسؼٛد٠خ,اٌظٙشاْ 
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NOMENCLATURE 
a  Arc length 
A  Pipe cross-sectional area of inner diameter, D, (= wo AA  ) 
bA
  
Cone base area 
oA   
Pipe cross-sectional area occupied by oil phase 
2rA   Area outside the outer hollow cone 
3rA    Area inside the outer hollow cone  
wA   
Pipe cross-sectional area occupied by water phase 
bswnsw AA __ ,  
Surface area wetted with free water, n: any case, b: base case 
A1  Cross section area upstream turbulator 
B  Pipe inclinations from horizontal line 
B1 Gap between inner diameter of the pipe and the outs side diameter hollow 
cone, fixed to 10 mm 
c  Cord representing water to mixing zone interface 
CeS-n, CeS-b Corrosion exposed surface area to free water, n: any case, b: base case 
CR  Corrosion rate 
C1 , C2 , C3 ,
 
C Empirical constants in the k  turbulence model 
D, ID   Pipe inner diameter [m] 
Do/w&w Dispersed oil in water and water layer 
Do/w&Dw/o, o/w  Dispersed oil in water and dispersed water in oil and layers of oil 
and water  
Do/w&w/o) Dual dispersion or dispersed flow of equal dominated 
Dw/o&o Dispersed water in oil and oil layer 
D32  Sauter mean diameter (SMD) of droplets 
 xix 
 
pqD   Mean droplet diameter, where p and q are the parameters used depending 
on the type of mean diameter required, for comparison p = 3 and q = 2. 
p
iD  , 
q
iD  Random droplet diameter of power p or are parameters used depending on 
the type of mean diameter required, for comparison p = 3 and q = 2. 
Db, rb  Cone base diameter, radius 
2rD   Outside diameter of the outer hollow cone 
3rD   
Inside diameter of the outer hollow cone 
Dr3e  Effective base diameter of 3rD  
Dbe   Effective base diameter  
L
ijD   Molecular diffusion term in equation 
T
ijD   Turbulent diffusion term in equation 
E20/32/300  E in such designation refers to number of meshes per edge  
F, D Represent the convective mass flux per unit area and diffusion 
conductance at cell faces 
F  Dimensionless function 
f   friction factor (Fanning) [fraction] 
f Ms    Moody pipe static friction factor [fraction] 
f MRI   Moody perforated pipe friction factor with influx [fraction] 
fo   Fractional flow of oil [fraction] 
ftp   Two-phase flow friction factor [dimensionless] 
fT   Total friction factor [dimensionless] 
fw   Wall friction factor [dimensionless] 
fw   Fractional flow of water [fraction] 
g  Acceleration due to gravity [m/s
2
] 
G   Mixture mass flux (W/A) 
Gb  Production of turbulent kinetic energy due to buoyancy 
Gk Production of turbulent kinetic energy due to mean velocity gradient 
 xx 
 
h, hn   Represent the water height from the pipe bottom 
WH   Water holdup (local), the amount of water separates at the bottom. 
oH    Oil holdup 
k  Kinetic energy of turbulence 
L  Pipe length [m] 
Lf  Proposed final pipe length (m)  
Lp  Location of present test planes (m) 
L1  Inlet water partition height (m) 
L2 Water accumulation height measured from the pipe bottom (m) 
n  Difference between V1 and V2 downstream and upstream turbulator 
N/A  Not applicable 
 
iN   
 Number of droplets in size range 
 
OD  Pipe outer diameter 
 
p  Pressure 
Pn  Nodal point 
ijP   Stress production term in equation 
p* , p  Pressure field assumption and correction pressure field 
'p  Difference pressure between the correct pressure field and the assumed 
pressure field, ( '* ppp  ) 
Pr Prandtl number   
Q  Mixture volumetric rate (= oQ  + wQ ) 
oQ    Oil phase inlet volume fraction 
wQ  Water phase inlet volume fraction, called water cut (WC/100) 
r  Radius of the pipe  
 xxi 
 
mRe   Mixture Reynolds number at the inlet conditions 
S    Source of   per unit volume 
S  Slip ratio factor based on the ratio of oil to water velocities 
 
V   An arbitrary control volume 
mV   
Mixture-averaged velocity for the mixture at the inlet 
woV    Slip velocity of water in relative to oil 
wV    Average water velocity 
oV   
Average oil velocity 
SwV
 
 Superficial velocity of water phases  
SoV   Superficial velocity of oil phase 
V1  Fluid velocity upstream turbulator  
V2  Mixture velocity leaving the turbulator 
*u , *v  Velocity components 
 v    Velocity vector ( jviu ˆˆ ) 
vu ,   Time average velocity 
',' vu   Fluctuating components of velocity 
W  Mixture mass flow rate (= oW + wW ) 
 WC  Water cut, water quantity defined at the pipeline inlet as volume 
percentages of the total inlet volumetric rate 
oW   
Oil phase mass flow rate 
tW   
Weight loss of pipe metal 
wW   
Water phase mass flow rate 
W, E, N, S Nodes of the west, east, north and south, respectively.  
w, e, n, s west, east, north and south of control volume face side respectively.  
x  x- co-ordinate 
 xxii 
 
Xn  Portion of pipe length (m)  
Xp  Proposed test location (m)  
X0, X1, .. X6 Location of perpendicular planes to the flow direction at 0, 1000, 
…. 6000 mm from inlet  
Greek Symbols 
 
   Inclination angle  
 
   Rate of dissipation of the kinetic energy 
   Gradient 
iN   
Total number of droplets in size range 
wexx  , ns
yy 
 
Widths of the control volume. 

  
Viscosity for a phase of water or oil 
m   
Mixture viscosity at the inlet 
ow    
Water and oil viscosity, respectively 
t   
Turbulent dynamic viscosity 
    Density for a phase of water or oil 
0    A reference density at 0
o
 for a phase of water or oil 
m   
Mixture density at the inlet 
metal   
Pipe material density 
w , o

 
Water and oil density, respectively 
qq  ,ˆ   
Effective and total density of a phase (q) 
 
   General field variable represented in the transport equations 
    Diffusion coefficient for    
δ   liquid film thickness (m)  
 xxiii 
 
WPx   
 Distance between the nodes W and P   
μα   α-phase dynamic viscosity (kg/m s)  
μe   Effective viscosity (kg/m s)  
 
   Angle representing water to pipe interface 
ρα   density of α-phase (kg/m
3
)  
 
   Von karman constant 
   Laminar viscosity 
t   Turbulent viscosity 
   Molecular kinematic viscosity 
k   Prandtl number for k 
   Prandtl number for   
w   Wall shear stress 
Subscripts/superscripts 
 
B
+
   constant  
Fij   drag force between phases i and j (N/m
3
)  
i, j  Spatial coordinate indices 
Grad  Gradient =   
o  Outlet condition 
n  Nodal point 
ref.  Reference 
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CHAPTER 1 
 
INTRODUCTION 
 
1.1 Background 
 
 Oil-water two-phase flows are commonly found in petroleum industry with 
possibility of having dissolved corrosive gases that are transferred in pipelines as a 
mixture flow from wells to a central gathering plant [Vedapuri et al. (1997)]. It is not 
practical to separate the mixture at the well site, especially for remote areas. For an 
economical reason, the mixture from several wells is transported to a central gathering 
plant where separation takes place. Corrosive gases, such as, carbon dioxide and sulfur 
dioxide originally exist in the reservoir specially in Arabian Gulf as reported by Nyborge 
(2005). However; carbon dioxide and salt water are sometimes pumped down the well to 
enhance oil and gas production and maintain pressure within the reservoir as the well 
ages. Moreover, oil and water get seperated in the pipelines before reaching the 
separation plant based on different parameters. 
 There are two definitions of water contents in the two-phase flow of oil and water. 
The water quantity defined at the pipeline inlet as volume percentages of the total inlet 
volumetric rate is called water cut (WC). Unfortunately, this water content is usually the 
basis for pipelines and equipment design. During transportation of the mixture, water in 
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the system starts separation and accumulates at the pipe bottom and that amount of water 
is called local water contents, local water or water holdup. Holdup is defined as the ratio 
of the volume of water to the total volume of the liquid as a local content at the point of 
concern.  
 So at different operating conditions, water concentrates at certain locations along 
the pipe which creates different water holdup profiles and pressure gradients as explained 
by Habib et al. (2005). The presence of water and salts as well as carbon-dioxide in 
petroleum products is the main cause of carbon steel pipelines corrosion during oil 
transportation and storage. Since H2S and CO2 can be dissolved in water to form weak 
carbonic acid and cause high corrosion rate in carbon steel pipelines. Usually at low 
water cut, the corrosive water does not create problems where water is fully dispersed in 
oil. However, it was reported by Cai et.al (2004) that there are cases with water contents 
of 2% where failure occurred.  
Many oil wells operate at different water cuts, as high as 90%, which result in 
different flow structures. As water cut increases, water droplets start to coalesce and 
phase separation of oil and water occurs. In horizontal or near horizontal pipes, the two-
phase flow along the pipe with water flowing at bottom of the pipe and oil at the top due 
to difference in densities. As each phase wets part of the pipe, therefore, the possibility of 
corrosion is high when water phase is in contact with the pipe wall. Therefore; it is 
important to understand the two-phase oil-water behavior in production pipelines and 
predict structure and the resulting (flow patterns) and consequently control the piping 
corrosion. 
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Definitions and parameters 
a) Water holdup (Hw) 
 
Water holdup (local) is the amount of water separates at the bottom of the pipe 
leading to localized water contents different from inlet water content. The bottom line is 
that with an identical inlet water cut, the local water fraction (water holdup) can vary 
along the pipe depending on the design and operation conditions. The water holdup 
contents is influenced by different factors related to fluid physical properties, operation 
condition and piping geometry as explained more in the following sections. Water holdup 
can be calculated and there are different parameters to give an indication of water holdup 
as coming.   
 The oil and water holdups have a direct geometric relationship to the phases‟ height, 
h, inside the pipe which is defined as the vertical distance from the bottom of the pipe 
to different locations inside the pipe. 
 In stratified flow, water holdup is the fraction of the cross section area occupied by 
water. The water holdup can formulated as: 
2
4
D
A
H wW 
         (1.1) 
 Where, Aw, divided by the total cross-sectional area of the pipe of diameter, D. 
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 A similar term is the oil holdup. 
 
2
4
D
A
H oo 
         (1.2) 
It is defined as the cross-sectional area occupied by the oil phase, Ao, divided by 
the total cross-sectional area of the pipe of inner diameter, D.  
 For two phase flow with mixing zone, the no-slip water (WC) and the slip ratio factor 
which is water holdup indication (S) both are used to identify the water holdup and 
slip condition. 
  The relationship between local water content (holdup, Hw) and the velocity ratio 
between the phases (slip ratio, S) is given as: 
 
)1(100
*
)1(
100
1
100




SWC
SWC
S
WC
S
WC
HW     (1.3) 
 Slip velocity is the difference between water velocity and oil velocity:  
Vwo = Vw – Vo       (1.4) 
  It is also used as an indication of water holdup. This formula is selected so that oil-
water slip velocity is always positive when water holdup increases per location. 
Based on the pipe orientation and flow conditions, both positive and negative slip 
scenarios are possible regarding which phase moves faster, water or oil.  In the region 
of dispersed flow pattern, the slip effect is negligible [Rojas-Figueroa and Fairuzov 
(2002)]. 
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b) Common variable parameters 
 
There are several common variables that are defined for multiphase flows to 
describe the system and the flow regimes. Here, these terms are defined as they are used 
or mentioned in this work. 
 
 The mixture mass flux, G, is simply the ratio of the given mixture mass flow rate, W, 
to the respective pipe cross-sectional area of inner diameter, D: 
 
2
4
D
W
A
W
G

         (1.5) 
 The mixture volumetric rate, Q, may be composed of two volumetric rates, one for 
the oil phase ( o
Q
) and one for the water phase ( w
Q
), water volume fraction. The inlet 
water fraction called in this work water cut (WC) can be defined as: 
 100
)(



ow
w
QQ
Q
WC       (1.6) 
 
 The mixture data: 
 
 Mixture density: oowm
WC
  ))(
100
(    (1.7) 
 Mixture viscosity: oowm
WC
  ))(
100
(    (1.8) 
 Mixture velocity at the inlet: 
m
ooww
m
VWCVWC
V





100
)100(
    (1.9) 
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 The generalized Reynolds number at the inlet conditions is calculated as: 
m
mm
m
V


Re        (1.10) 
 
 The velocity of a particular phase can be described in different ways.  
 The superficial velocities of the phases, water and oil, are defined as the velocities 
of the phases averaged over the entire cross-sectional area of the pipe, as though 
each phase was flowing in the pipe without the presence of the other:  
 Water superficial velocity: 
2
4
D
W
V
w
w
Sw 

   (1.11) 
 Oil superficial velocity: 
2
4
D
W
V
o
o
So 

   (1.12) 
 The mean velocities of the phases, water and oil, are averaged over the cross-
sectional area of the relevant phase: where wo
AAA 
.  
 
Along the pipe: 
 Water velocity or average velocity:  
w
Sw
ww
w
w
H
V
A
W
V 

     (1.13) 
 
 Oil velocity or average velocity: 
 w
So
o
So
oo
o
o
H
V
H
V
A
W
V


1
    (1.14) 
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At pipe inlet: 
 Water velocity or average velocity:  
WC
V
A
W
V Sw
ww
w
w
100


     (1.15) 
 Oil velocity or average velocity:  
WC
V
H
V
A
W
V So
o
So
oo
o
o


100
100

   (1.16) 
 
 
c) Flow patterns and flow patterns map 
 
Name of flow patterns of two-phase flow oil-water flowing in pipelines can 
change from researchers to others. However, the definition of each flow pattern is the 
same for all. The flow structure map is a map built as a result of multiphase contours that 
presents the flow pattern change according to different parameters. Some definitions of 
different type of flow patterns in the field of oil-water two-phase flow are as follows: 
 
1. Annular flow: one fluid forms an annular film on the pipe wall and the other flows in 
the pipe centre. This flow structure is common when the two liquids have equal 
densities or when one liquid has large viscosity. 
2. Continuous phase: the phase that coats the pipe wall in a continuous pure layer. 
3. Dominant phase: equivalent to the continuous phase.    
4. Dispersed flow: one fluid is continuous and the other is in the form of drops 
dispersed in it. The phase that is entrained in the continuous phase, is called a 
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"dispersed" or the "internal" phase, ( Do/w&w, Dw/o&o, Do/w&Dw/o, o/w or w/o  
flows). Oil and water are totally mixed (though concentration gradients may persist).  
5. Dual continuous flow: This pattern is known as 3L and appeared at intermediate 
mixture velocities between stratified and dispersed flows and resulted in pressure 
gradients less than those of single phase oil flow (Lovick and Angeli 2004). 
6. Dual dispersion (D o/w&w/o), or dispersed flow of equal dominated: in this flow 
pattern, two different layers occur. Both phases are present across the entire pipe, but at 
the top the continuous-phase is the oil, containing droplets of water. In the lower region 
of the pipe, the continuous-phase is water and the oil exists as dispersed droplets.  
7. Emulsion: a dispersion of droplets of one liquid in another one with which it is 
incompletely miscible. In emulsions the droplets often exceed the usual limits for 
colloids in size. 
8. Fully dispersed: the oil and water become fully dispersed and the mixture flows as a 
homogeneous phase without appreciable changes in concentration in pipeline.  
9. Homogeneous: at high mixture velocity, oil and water flow as a homogeneous phase 
without appreciable variation in concentration across the pipe diameter. 
10. Fully dispersed = homogeneous. 
11. Mixed flow:  occurs when the oil-water dispersion occupies more than half the pipe 
volume.  
12. Segregated flow: the flow of the liquids in two distinct layers. Segregated flow 
patterns include: 
o Stratified flow and stratified flow with some mixing at the interface.  
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13. Semi-dispersed: at high mixture velocity, oil and water are totally mixed with some 
sharp steep gradient of fluid concentration in the mixture.  
14. Semi-segregated flow: as the mixture velocity is increased, some mixing occurs at 
the interface giving rise to semi-segregated flow.  
15. Semi-mixed flow: the flow is said to be semi-mixed when there is a segregated flow 
of dispersion and a 'free' phase and the dispersion volume is less than half the total 
pipe volume. The flow can be in three segregated layers, with dispersion in the 
middle and two pure phases at the top (oil) and the bottom (water). Or it is segregated 
into dispersion and a pure phase. In both cases the dispersion volume is less than half 
of the total pipe volume.  
16. Stratified flow (ST): In this flow pattern the two liquid phases flow as layers with the 
heavier (usually water) at the bottom and the lighter (usually oil) at the top.  
17. Stratified flow with mixing at the interface (ST&MI): In this flow pattern the 
system tends to be stratified, but interface instability generates a mixing zone. The 
mixing zone at the interface can be significant, but still pure fluids exist at the top and 
the bottom of the pipe. So it can named segregated flow. 
18. 3L phase: Increasing velocity beyond ST flow results in interfacial waves appears at 
the interface to form water droplets in the oil layer and oil droplets in the water layer. 
This pattern is known as dual continuous flow or (3L).  
19. Wavy flow: similar to stratified flow, but with a wavy interface resulting from a 
higher slip velocity between the two phases. 
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1.2 Design of Production Pipelines  
 
 Production pipelines consist of pipelines above ground, as shown in Figure 1.1, 
that are used to transport oil-water two phase flows from the well-head to the central 
gathering plant. The oil-water is usually transported through two parallel types of 
pipelines; one for products testing and the other for product processing. The typical crude 
oil production systems from the wells to the separation plants are shown in Figure 1.2 and 
have the following special features: 
 The lines run horizontally on the surface of the ground most of the time. 
 The lines are normally of large diameter 
 The lines run normally at low pressures and temperature.  
 The lines have special configuration and names as follows: 
o The main lines run in parallel for long distance and collect the wells‟ 
production even from different reservoirs.  These lines are called trunk-
lines and test-lines.  
o The lines carrying the production from the wells to the trunk-lines or test 
lines are called flow-lines.  
o Different trunk-lines are connected into a line existing in each separation 
plant called header-line or production line. 
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Figure 1.1 
Figure 1.1: Actual oil production pipeline from well to separation plant (Doyle, 2006)  
 
Separation Plant
 
Figure 1.2  
Figure 1.2: Oil pipelines from wells to separation plant (Saudi Aramco, 2005) 
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1.3 Flow Patterns and Influencing Parameters  
 
Different operating conditions result in different oil-water flow patterns. The 
existing flow pattern in a given system depends on different parameters. The different 
parameter can be related to operation variables, piping geometry and fluid physical 
properties [Angeli & Hewitt (2000) and Bannwart et al. (2004)]. The operation variables 
can include volume fractions of each phase, inlet mixture velocity, pressure, temperature, 
etc. The geometrical variables are such as; pipe diameter, piping configurations, etc. The 
fluid physical properties include oil density, oil viscosity, etc. There is high contribution 
of these parameters affecting the multiphase flow patterns where the research in this field 
is not yet understood. 
The majority of previous studies focused on gas-liquid flows behavior. However; 
the built models for the gas-liquid flows cannot be extended to the liquid-liquid flow [Shi 
et al (2002)]. There are differences in flow patterns between gas-liquid flows and liquid-
liquid flows. The differences can be summarized in large difference between the phase‟s 
fluid densities and viscosities, and the complexity of liquid-liquid interface surface 
tension as highlighted by Shi et al. (2002). As gas-liquid flows have been studied 
extensively to produce large data sets, the two-phase liquid-liquid flows not yet being 
extensively studied [Shi et al. (2002)]. Concentration on stratified flow patterns due to 
possibility of controlling the flow and well defined interface appeared in the previous 
researches. The previous work published about liquid-liquid flows in horizontal pipelines 
shows that the dynamic characteristics of oil-water behavior are not yet fully understood. 
There are some studies about creating dispersed phases in pipes using direct external 
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stirring. However, due to its installation difficulty and high required energy, the research 
has not yet identified all parameters that may control the flow patterns and optimize the 
piping design to lower corrosion failures [Atmaca et al. (2008)].  
 
Liquid-liquid flow patterns 
As this work is to cover oil-water flows in horizontal and near horizontal 
pipelines, the two phases will be distributed into various flow patterns based on the 
different design and operation variables. Oil-water flows can generally be classified into 
two principal flow patterns, namely stratified (oil and water as separate layers) and mixed 
(the oil and water mixture flows as dispersion). As the transition occurs from stratified to 
completely mixed flow, different flow patterns are observed. Mixture velocity has a 
direct effect on the flow pattern type. Four flow patterns were observed by Ayello et al. 
(2008) such as; stratified flow, stratified flows with mixing layer, semi dispersed flows 
and fully dispersed flow. Continuous water layer is observed at low velocity which is 
disappeared or reduced by increasing the mixture velocity due to water entrainment to oil. 
 
Oil-water contents 
As oil-water production is the subject of this work, it is worth highlighting 
important factors that affect the design parameters of the piping and separation plant. 
There are certain factors that could play major roles to classify processing requirements, 
equipment type and material selection and installation for oil production; such as, oil 
density and viscosity, and sulfur content as well as water cut.  
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Physical properties of oil 
The first two factors of oil are density and viscosity. The density is usually 
referred to degree API and specific gravity of oil. The term degree API is a scale that is 
established by the American Petroleum Institute and is expressed either in degree API or 
o
API. The 
o
API is related to the specific gravity, SG, and defined at temperature of 60
o
F 
as per the following relation (1.17) [Maxwell (1975)]. 
  
)17.1(5.131
5.141
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 Accordingly, the crude oil is defined as heavy and light crude oil.  The heavy 
crude oil is any type of crude oil which does not flow easily. It is referred to as "heavy" 
because its density is high. Heavy crude oil has been defined as any liquid petroleum with 
an API gravity less than 22°, meaning that its specific gravity is greater than 0.92. On the 
other hand, light crude oil is liquid petroleum that has a low density and flows freely at 
room temperature. It has a low viscosity, low specific gravity and high API gravity. It 
generally has low wax content with an API gravity exceeding 38 degrees, meaning that 
its specific gravity is less than 0.835. There are also extra heavy and super light crude oil. 
The crude oils with API gravity between 22 and 38 degrees are generally referred to as 
medium crude oils. The viscosity is another feature of oil. It is a measure of a fluid's 
resistance to flow due to the internal friction of the moving oil. Usually the heavy crude 
oil is very viscous. However, there is no direct relation between density and viscosity of 
oil due to including the oil to many substances.   
 15 
 
Sulfur content 
 Sulfur content is very important factor from corrosion point of view. It is 
undesirable property when it appears in large quantities. Crude oil is classified as “sweet” 
when the sulfur content by weight is less than 0.5% and as “sour” when sulfur content by 
weight is greater than 0.5%.  
 
Water Cut 
 The last mentioned important factor in oil production is the percentage water 
content or water cut (WC). The WC increase is attributed to production practice of 
maintaining reservoir internal pressure. As oil is produced, reservoir gets aging, and the 
pressure inside the reservoir drops which requires re-injecting the produced water, or 
injecting fresh or sea water, into the reservoir to maintain its internal pressure for stable 
operation. That process is called Enhanced Oil Recovery (EOR) process. CO2   and water 
are found naturally in the reservoir; however; sometimes CO2 is dissolved in water that is 
pumped into oil wells to enhance oil recovery.  
1.4 Research Motivations  
 
 More water can be produced and the WC may reach high values ranging between 
80-95% or higher depending on the production economics. Since most of wells are 
located in remote areas, the cost of repair, maintenance, clean up or replacement of the 
related pipelines is extremely high. Most of these pipelines run several hundred 
kilometers where the use of corrosion resistant pipe materials is not economically 
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feasible. Moreover, the high WC places a great economic load on oil-water separation 
facilities. So these facilities are subjected to internal corrosion due to corrosive water and 
ends with high corrosion cost due to failure as shown in Figure 1.3.  The total annual cost 
of corrosion in oil and gas production industry in Kingdom of Saudi Arabia is estimated 
to be $1.4 billion that is in parallel with industrial countries [Tems and Al Zahrani (2006) 
and Koch et al. (2001)]. 
 
Figure 1.3: Internal pipeline corrosion 
 
This high impact cost of wells‟ products transportation, operation and 
maintenance urgently requires great attention to reduce factors increasing water 
separation in the production pipelines which starts from identifying flow patterns and 
water holdup at different location. By considering the effect of the corrosive gases from 
corrosion point of view and neglect the effect of the corrosive gases on the mixture flow 
patterns, the oil-water flow patterns and water holdup  can be identified and have an 
indication of controlling them by studying the effect of  the following variables:  
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 Operation variables: 
o Water cut 
o Mixture inlet velocity 
 Oil physical properties 
o Oil density 
o Oil viscosity 
 Geometrical variables: 
o Pipe diameter 
o Pipe inclination 
o Internal turbulator devices 
 
 
1.5 Objectives of the Present Work  
 
The main objective of the present study is to numerically predict flow pattern type at 
different location that can assist mitigating internal corrosion of piping system carrying two-
phase flow of oil-water for certain design variables including: operation, oil physical 
properties and piping geometry variables. 
 
1.6 Thesis Organization  
 
The thesis is organized into six (6) chapters. Chapter 1 is introduction. It includes 
background about multiphase flow, production pipelines, flow patterns and characteristic of 
oil-water flow, research motivations and the objective of this work. Chapter 2 is a literature 
review. It presents a brief about the research carried out in the field of oil-water flow for 
similar operation and design conditions. Chapter 3 is a problem description. It states the 
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problem and identifies the operation and design conditions for the present work. It also shows 
the approach and methodology of the present work to cover numerical calculation of water-
and-oil separation in the pipeline, potential local water concentration (holdup) and its 
condition, and corrosion rate estimation.  
Chapter 4 covers the result and discussions. It reviews the design parameters, grid 
independence and result analysis and validation with exiting experimental work. Chapter 5 
covers turbulator device design and operation. It covers the type selection and design, testing 
and investigation of the flow patterns using the turbulators. Chapter 6 presents the 
conclusions and recommendations. It covers the outcome conclusions and recommendations 
resulted from the present work.  
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CHAPTER 2 
 
LITERATURE REVIEW 
  
Oil-water flows can be generally classified into two principal flow patterns, namely 
stratified (oil and water as separate layers) and mixed (the oil and water mixture flows as 
dispersion). As the transition occurs from stratified to completely mixed flow, temporary 
flow patterns are observed [Ayello et al. (2008)] as detailed below. The flow patterns were 
observed by Trallero et al. (1997) for different experimental oils. Mixture velocity has a 
direct effect on the flow pattern type. Four flow patterns were observed by Ayello et al. 
(2008) such as; stratified flow, stratified flows with mixing layer, semi dispersed flows and 
fully dispersed flow. Continuous water layer is observed at low velocity which is disappeared 
or reduced by increasing the mixture velocity due to water entrainment to oil. 
Determination of the flow patterns is a critical problem in two-phase flow. Oil-water 
flow has the oil with a wide range of properties. Previous investigations in this area have 
been reviewed extensively by Valle (1998). The available data do not show a close 
agreement among the different flow patterns observed. In early experimental studies of oil-
water flow in horizontal pipes, 14 different flow patterns has been reported, whereas others 
described only three to four different flow patterns [Russel et al. (1959), Charles et al. (1961) 
and Arirachakaran et al. (1989)] as reported by Xu (2007). Many researchers considered water 
holdup in their experimental work as a source of flow patterns changes and considered it as the 
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corrosion source. Coming paragraphs give an idea about previous work in the field of oil-
water phase flow and how the flow patterns change based on different parameters that can be 
related to the fluid physical properties, piping geometries or operation conditions. 
 
2.1 Experimental Work 
 
Russel et a1. (1959) studied oil-water flow in a transparent horizontal pipeline using 
white mineral oil with a viscosity of 18 cP. They found three distinct flow patterns: bubble 
flow, stratified, and mixed flow.  Charles et al. (1961) defined four flow patterns in their 
equal density oil-water flow in 2.5 cm pipes as water droplets in oil, concentric water with oil 
flowing in the core, oil slugs in water, and oil bubble in water. Three different oils with 
viscosity of 6.29, 16.8 and 65 cP were used in their studies. They found that the resulting oil-
water flow patterns were mostly independent of the oil viscosities.  
 
Arirachakaran et al. (1989) conducted extensive experimental work of oil-water flow 
in horizontal pipes of two different pipe sizes (25.4 mm & 38.1 mm diameter) for a very wide 
range of oil viscosity (4.7 to 2116-cP) to have a total of 1199 oil-water tests. The tests have 
mixture velocities varied from 0.46 m/s to 3.66 m/s while input water fractions ranged from 
5% to 90%. The study shows different flow patterns developed for the range of different 
viscosity. The reported flow patterns resulted from low viscous tests as stratified phase with 
some mixing at the interface, mixed phase with separated layer of a dispersion and „free” 
phase, intermittent phases alternately occupying the pipe as a free phase or as dispersion and 
Dispersed phase flow patterns. 
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Vedapuri et al. (1997) studied experimentally oil-water flow in horizontal and slightly 
inclined (+/-2 degree) plexiglas pipes of 10 cm diameter with oil viscosity of (2 and 90 cP) 
and ASTM standard water. The study covered the mixture velocity from 0.1 to 2 m/s with 
water cut 20, 40, 60 and 80%. Different flow patterns were reported based on the viscosity of 
oil, flow condition and pipe orientation to have the following flow patterns: semi-segregated 
flow pattern, semi-mixed flow pattern and semi-dispersed. They summarized the cross-
section flow patterns of three layers as shown in Figure 2.1. The semi-flow patterns (semi-
segregated, semi-mixed and semi-dispersed) are called by other authors as stratified flow 
with mixing at the interface ST&MI or three-layer (3L). 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: Analysis of the cross section for the three flow patterns (Vedapuri, 1997) 
 
Shi (2001) studied experimentally the behavior of two-phase flow in a pipe (101 mm 
ID) of oil (820 kg/m
3
 and 3cP) and water (1024 kg/m
2
) and the impact of velocity (0.4 – 3.0 
m/s) and water cut (0% - 100%) on local holdup and corrosion rate. The investigation of 
Angeli & Hewitt (2000) for the experimental work conducted for oil with 1.6 mPa.s viscosity 
Figure 2.1 
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and 801 kg/m
3
 density and water flowing in a 25.4-mm tube of stainless-steel and acrylic 
resin material defined a new intermediate regime, called three layers (3L) flow in which a 
mixed layer of oil and water is located in between the separate phases, oil and water.  
 
Ayello et al. (2008) experimentally investigated the internal corrosion that occurs for 
transportation pipelines and highlighted that it is usually related to the phase wetting the pipe 
wall. The problem extensively studied with crude oils by identifying comprehensive flow 
pattern as a function of water cut, up to 20%, and flow velocities, from 0.5 to 3 m/s in a 4 
inch pipe diameter. The study was based on different flow conditions for model oil and crude 
oil of 825 and 830 kg/m
3
 respectively and different pipe inclinations in the range of 0
o
 to +/-
90
o
. Three main flow patterns were observed for the crude oil as a function of the velocity 
and water cut: stratified, stratified flow with mixing layer and dispersed flow.  They considered 
the 1.5 m/s as a critical velocity for oil-water two-phase flowing in a horizontal pipe as stratified 
layers disappeared. It is noticed that as velocity increases, oil wetting increases. On the other 
hand as water cut increases, water wetting increases. Moreover, as the pipe inclined up, the oil 
wetting increases accordingly the required critical velocity decreases. That is opposite to the 
operation in the present work and many of previous works. They justified this difference by 
having more mixing that reduces the effect of gravity force.  
  
Nadler and Mewes (1997) experimentally investigated the flow of two immiscible liquids 
in a horizontal pipe with an inner diameter of 59 mm for oil viscosities of 22, 27 and 35 
mPas. The observed flow patterns are listed below in Figure 2.2. 
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Figure 2.2 
Figure 2.2: Typical flow patterns observed in the multiphase pipeline (Nadler 
and Mewes, 1997)  
 
Lum et al. (2006) experimentally investigated the effect of upward ( + 5
o
,  + 10
 o
) and 
downward (-5
 o
) pipe inclinations on the flow patterns, holdup and pressure gradient during 
oil-water phase flows for mixture velocities between 0.7 and 2.5 m/s and water fractions 
between 10% and 90% with oil of 5.5 mPa.s viscosity and 828 kg/m
3
 density in a 38-mm 
tube. The investigations were to identify the different flow patterns compared to horizontal 
flow. A new flow pattern, like oil plug flow, appeared at both +5
o
 and +10
o
 inclination while 
the stratified wavy pattern disappeared at (-5
o
) inclination. Moreover, they showed that the 
small inclination in the pipeline, as well as the size of the inclination affect the flow patterns 
observed in horizontal flows. 
 
Hussain et al. (2008) experimentally studied the phase fraction of oil-water flowing in 
horizontal tube 25.4-mm, at certain distances from inlet for a specific range of mixture 
velocity and specific water volume fraction. The study reported different flow patterns of 
water dispersed in oil or oil dispersed in water and some entrainment in the form of drops of 
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phase into the other. Mandal et al. (2007) carried out experimental work to understand the 
influence of pipe size on the flow patterns of two immiscible liquids (water and kerosene) 
flowing in a horizontal pipe with indicating a marked influence of conduit size on flow 
patterns. 
 
Al-Yaari et al. (2009) conducted an experimental work for oil–water flowing in a 
horizontal 25.4 mm pipe. Different flow patterns were observed for a wide range of mixture 
velocities (0.5–3.5 m/s) and input water cut (WC) on the range of 10%–90%. Six flow 
patterns are reported as shown in the following flow patterns map in Figure 2.3. The present 
work is reflected on Al-Yaari's flow pattern map in the shaded area for the velocity in the 
range from 0.5 to 2.0 m/s and WC in the range of 20 to 50%. The present flow patterns show 
good agreement to Al-Yaari' work in this range of operation. 
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Figure 2.3 
Figure 2.3: Flow patterns map of oil-and-water flow (Al-Yaari et al., 2009) 
 
Kumara et al. (2010) conducted experimental work of oil (density790 kg/m3 and 
viscosity1.64mPas) and water (density 996kg/m
3
 and viscosity 1.00 mPas) in a pipe (56 mm 
ID) horizontal and slightly inclined (5 to -5 degree). The test was conducted at a mixture 
velocity of 0.50 and 1.00 m/s and water cut of 50%. Stratified flow with mixing at the interface 
is observed at mixture velocity of 0.50 m/s. Interfacial waves were observed in upwardly and 
downwardly inclined flows. At mixture velocity 1.00 m/s, interfacial mixing is increased and 
dual continuous flows are observed. 
 
   Based on the selected work in the literature review above, the flow patterns of oil-
water phase flow in horizontal and inclined pipelines can be summarized as follows:  
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1. Segregated flow includes:  
a. Stratified flow (ST): In this flow pattern the two liquid phases flow as layers with the 
heavier (usually water) at the bottom and the lighter (usually oil) at the top.  
b. Stratified flow with mixing at the interface (ST&MI): In this flow pattern the system 
tends to be stratified, but interface instability generates a mixing zone. The mixing zone 
at the interface can be significant, but still pure fluids exist at the top and the bottom of 
the pipe.  
2. Dispersed flow includes:  
a. Water dominated 
i. Dispersion of oil in water and water layer (Do/w & w): The water is distributed 
across the entire pipe. A layer of clean water flows at the bottom and dispersed 
droplets of oil in water flow at the top.  
ii. Oil in water emulsion (Do/w): In this case, the entire pipe cross sectional area is 
occupied by water containing dispersed oil droplets. 
b. Oil dominated 
 Water in oil emulsion (Dw/o): The oil is the continuous-phase and the water is 
present as droplets across the entire pipe cross sectional area.  
3. Dispersed flow of equal dominated: Dual dispersion (D o/w&w/o), in this flow pattern, 
two different layers occur. Both phases are present across the entire pipe, but at the top 
the continuous-phase is the oil, containing droplets of water. In the lower region of the 
pipe, the continuous-phase is water and the oil exists as dispersed droplets.  
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The previous experimental work can be summarized and categorized based on the 
influence of each design variable on the change of flow patterns as follows:  
 
Effect of inlet conditions 
 
The water volume percentage (water cut) plays a key role in creating different flow 
patterns change, per the study of Arirachakaran et al. (1989), the flow patterns in oil-water 
mixture depend primarily on mixture velocity and water fraction. Angeli and Hewitt (2000) 
showed in their experimental work that the phase volume fraction different from the input ones 
since the local average velocities of the phases are not necessarily the same. Based on the input 
oil/water volumetric ratio, the local oil/water volume ratio in most cases is higher than the input 
ratio.  
 
The experimental work done by Hussain et al. (2008) is to examine the effect of input 
water fraction and velocity on the water holdup flowing in horizontal tubes of 25.4-mm 
diameter. Starting from stratified flows of different phase fraction of oil-water (WC: 40, 46, 
and 60%) and different mixture velocity in the range of 1.8 – 2.76 m/s, the phase fraction 
distribution was determined. The work showed that at low water fractions, oil is the continuous 
phase while at high water fractions, water is the continuous phase. The study showed that the 
local holdup and water slip velocity increases with increasing inlet water concentration.  
 
In multiphase flows, the actual velocities of the individual phases are, in general, not 
the same and usually do not correspond to their velocities at inlet conditions. Higher viscosity 
oil is observed to move slower than water. Meanwhile, some researchers believe that under 
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most oil-water flow situations, the oil phase flows faster than the water phase resulting in 
accumulation or holdup of water [Flores et al. (1997)]. Per the study of Arirachakaran et al. 
(1989), the flow patterns in oil-water mixture depend primarily on mixture velocity and water 
fraction and may on oil viscosity when oil is the continuous phase. Hussain et al. (2008) 
experiment showed also that the higher the mixture inlet velocity, the more water entrainment 
and the less in-situ water holdup concentration and the less velocity slip is.  
 
Effect of oil properties 
 
According to the study of Arirachakaran et al. (1989), the flow patterns in oil-water 
mixture depend primarily on mixture velocity, water fraction and oil viscosity when oil is the 
continuous phase. Shi (2001) highlighted that high viscous oil moves slowly resulting in higher 
cross section area than water‟s that leads to an increase in local water velocity. Accordingly, 
corrosion rate estimation shall be based on the local water velocity not on the inlet mixture 
velocity. The reason is that the viscose oil is difficult to break down to small droplets. So the 
flowing oil plugs the cross-section area of the pipe causing velocity increase of the water layer. 
 
The comprehensive review of Yeo et al. (2000) that was to study the effect of various 
physical properties, geometry and flow patterns on phase inversion included that the large 
density differences between the aqueous and continuous phases make dispersion more difficult 
to achieve. That means reducing density difference between oil and water, increase oil-water 
mixing zone. 
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Effect of pipeline geometry 
 
The influence of piping diameter appears in the work of Mandal et al. (2007) where 
new flow patterns in small pipe sizes were reported. Lum et al. (2006) in their experimental 
work showed that the oil to water velocity ratio was higher for the upward than for the 
downward flows. However, in the majority of cases inclinations, oil was flowing faster than 
water. At low mixture velocities, the velocities ratio increase with oil fraction while they 
decrease at high velocities because separation increases with low mixture velocity and 
mixing increases with high mixture velocity. The increase of mixing became more significant 
as the degree of inclination increases.  
 
Hussain et al. (2008) highlighted that the gravitational force acts perpendicular to the 
direction of flow in the horizontal pipes causing phases separation. Where the lighter phase 
moves upwards by buoyancy and the heavy phase moves downwards by gravity force. Kumara 
et al. (2010) highlighted that the degree of mixing largely depends on the pipe inclination. In 
general, higher water holdup values are observed for upwardly inclined flows compared to the 
horizontal and downwardly inclined flows. Moreover, the slip between the phases increases as 
the pipe inclination increases. In extensive experiments of Mandal et al. (2007), they 
investigated the influence of certain mixer designs to the downstream distribution of the two 
liquids and the flow pattern map by just changing the way of introducing the two fluids in the 
test rig that resulted in different flow patterns. 
 
 
 
 30 
2.2 Numerical Investigations 
 
There are good numbers of literature in the field of two phase flow oil-water using 
numerical investigation. Hussain et al. (2008) studied the oil-water dispersion numerically in 
a horizontal pipe under gravity effect with using advanced computational fluid dynamics, 
CFD software. The pipe of 25.4 mm inner diameter with mixture velocity of 1.8 and 2.76 m/s 
carrying oil (802 Kg/m
3
 density and 1.6 cP viscosity) and water (input WC of 40, 46 and 
60%). They selected Eulerian-Eulerian model with K-  Turbulence model for liquid-liquid 
flow that gave fairly well-dispersed flow.  
 
Gao et al. (2003) numerically simulated stratified oil–water turbulent flow in a 
horizontal tube, 55.75 mm diameter, using a volume of fluid model, VOF. The oil has a 
density of 790 kg/m3 and dynamic viscosity of 1.6 cP and input water cut in the range of 10 
to 86%. They selected the RNG K-  model combined with a near-wall low-Re turbulence 
model for each phase. The conclusion was that the prediction of the results showed 
acceptable agreement with experimental data. 
 
Martinez et al. (1988) tried to characterize the rheological behavior of a fluid system 
using the power-law model as a function of the oil fluid to prove possibility of numerical 
calculation. That was confirmed by Arirachakaran et al. (1989) who calculated the mixture 
properties and flow behavior for different flow patterns. They highlighted that the formulated 
mixture viscosity does not reflect the actual complex viscosity of the actual mixture that is 
yet unknown. 
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Abdulkadir et al. (2010) numerically analyzed the characteristics of fluid flow and 
phase separation of oil-water flowing in a horizontal cylindrical vessel to study the effect of 
different velocities and droplet diameters on the separation. The simulations were carried out 
using the software package Fluent 6.2 using Eulerian model and turbulence of the k-ε model. 
The results showed that there is a strong dependency of phase separation on mixture velocity 
and droplet diameter. Increasing mixture velocity slows down phase separation. An increase 
in droplet diameter increases phase separation. The simulations showed good agreement with 
results reported in literature and showed that CFD can be a useful tool in studying oil-water 
separation. 
 
From this literature review, it shows that full-scale experiments with sufficient 
instrumentation for multi-phase flows are often extremely difficult to be performed due to 
their size. The literature reviews give good results in using CFD/fluent to investigate the 
multiphase fluid and predict the related flow patterns.  
 
Factors influence flow patterns  
 
The literature review shows that there are different factors affecting flow patterns when 
utilizing CFD/fluent. The most affecting factors are water droplet size and geometry 
meshing. So in order to reflect the actual operating conditions using CFD/fluent, these factors 
shall be evaluated carefully by conducting mesh independency test and validate the work 
against experimental data.  
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a) Water droplet  
 
The dispersed phase has certain shape based on the operation conditions. Researchers 
utilize droplets size distribution curves to identify the droplet size of the dispersed water in 
oil of two-phase flow. The transition from stratified flow to stable water-in-oil dispersion 
takes places when the oil phase turbulence is intense enough to maintain the water phase 
broken up into droplets. Oil dynamic and buoyant forces are acting simultaneously on the 
droplets and tend to spread the droplets throughout the pipe cross- section. They try to 
overcome the gravity forces that work to settle down droplets. The oil-water phase shares the 
dispersed droplets while flowing throughout movement in two directions: horizontal and 
vertical. The horizontal movement of the droplets results in the break up and coalescence of 
the droplets. The high velocity breaks the dispersed droplets to smaller droplets. At the same 
time, increasing the velocity increases water entrainment which results in bigger dispersed 
water droplets [Lovick and Angeli (2004)]. The vertical movements are mainly controlled by 
the gravity force and the turbulent dispersion force.  Gravity force pulls the droplets down 
and turbulent dispersion force makes the droplets move upward [Shi (2001)]. 
 
Fluent requires the droplet size of the secondary phase to be determined, which is 
water phase in this case. The bigger the droplet size, the high rate of oil-water separation is. 
The droplet diameter in the present work is selected initially as 0.1 mm as the flow is fully 
mixed at the inlet and the water droplets are distributed across the pipe in small diameters. 
The simulation is run for 300 iterations then the water droplet size is increased to 1.00 mm 
and run the simulation until get converged. The reason of increasing droplet size is to match 
the normal water droplet coalescence downstream the pipe that is also supported by the 
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statistical data of water distribution in different works. The distribution functions of fully 
dispersed flow that are most frequently used in analyses of droplet size data are normal 
distribution, log-normal distribution, root-normal distribution, Nukiyama-Tanasawa 
distribution, Rosin-Rammler distribution, and upper-limit distribution. Vielma et al. (2008), 
in their experimental work, show droplet-size distributions for the case of Vso = Vsw = 0.75 
m/s which shows good fit to the log-normal distribution as shown in Figure 2.4. Their work 
is equivalent to case 8 of the present work with 50% WC and 1.0 m/s.  
 
  
Figure 2.4: Water droplet size distributions at Usw = 0.75 m/s, Uso = 
0.75 (Vielma et al., 2008) 
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The mixture velocity did not affect significantly the droplets size of either phase since 
higher velocities that would result in smaller drops are accompanied by increased 
entrainment of one phase dispersed into the other that resulted in larger droplets [Lovick and 
Angeli 2004]. Oil-water separation depends strongly on droplet size and mixture velocity 
[Abdulkadir et al. (2010)]. Droplet size is a function of the mixture velocity. The droplet size 
and distribution is a result of dynamic and buoyant forces. Morales (2009) summarized in his 
thesis the most followed methods to quantify and measure the size distributions of droplets. 
He highlighted that the most used method to characterize the droplet size distribution is the 
Sauter Mean Diameter (SMD). The SMD, (D32) is defined as the ratio between particle 
cumulative volume and particle overall surface area [Morales (2009)]. The widely used 
definition of the mean droplet diameter is given by: 

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Where p and q are the parameters used depending on the required type of mean diameter, for 
comparison p = 3 and q = 2.  
Al-Wahaibi and Angeli (2008) conducted experimental study investigating the size 
and vertical distribution of droplets during horizontal dual continuous oil–water flow. It 
showed that there was no clear effect of the layer velocity on the size of droplets dispersed in 
that layer. Moreover, per Al-Wahaibi and Angeli (2008), none of the available correlations of 
maximum droplet size was able to predict the present experimental data, saying that "these 
correlations were developed for droplet breakage in a turbulent flow field". The 
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investigations were carried out in a 38 mm ID stainless steel with water and oil (density 828 
kg/m
3
 and viscosity 5.5 mPa s). Droplets velocities and sizes were obtained with a dual 
impedance probe which allowed measurements at different locations in a pipe cross-section. 
They showed that water droplets in oil generally increase in size as the oil superficial velocity 
increases for certain water superficial velocity. The increase could be due to the increase in 
the amount of water entrained in the oil phase.  
The average chord length distribution over the pipe cross-section can be calculated by 
averaging the droplet chord length measurements obtained at different locations from the 
interface to find out that water droplet is around 1.0 mm for different water cuts as shown in 
Figure 2.5. It shows that distribution of droplets side changes with velocity changes. The 
droplets size depend on water counts which is 31% water counts at Figure 2.5-a and 26% at 
Figure 2.5-b. 
  
Figure 2.5: Water droplet size distributions at a) Usw = 0.5 m/s, Uso = 1.1 b) 
Usw = 0.5 m/s, Uso = 1.4 (Al-Wahaibi and Angeli, 2008)  
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b) Meshing buildup and validation 
 
Meshing buildup requires conducting mesh dependency test in order to be high confident of 
result-free from the meshing effect. This certainty can be built by conducting the mesh 
dependency test. In order to confirm this certainty, a validation against experimental work is 
required.  
 
2.3 Corrosion Mechanisms of Multiphase Flows 
 
Part of this work is to investigate the corrosion susceptibility of piping carrying water-oil 
flow. The main cause of corrosion is due to the presence of free water in the system that can be 
measured in terms of water holdup and velocity slip between the two-phases. The related 
literature review shows that local water cut is not normally the same as the input water cut.  
 
In the oil and gas production industry, internal corrosion of carbon steel pipeline is a 
well-known phenomenon and a serious problem. Crude oil at normal production with 
temperatures (less than 120 °C) without dissolved gases is not corrosive, by itself.  CO2 and 
H2S gases in combination with water cause most of the corrosion problems in the oil and gas 
production. Different crude oil can have significant different effects on steel corrosion [Efird 
and Jasinski (1989)].  So it is required to identify the corrosive species in the flow, the local 
water concentration and expected corrosion mechanism to estimate equipments lifetime and 
select corrective measures. Nesic (2007), in his review of internal corrosion mechanisms, 
reported that multiphase flow is one of the more complex corrosion problems where different 
flow patterns can be found. Different flow patterns lead to a variety of corrosion mechanisms.  
 37 
 The internal corrosion mechanism depends on the phase in contact with the pipe 
wall [Shi (2001) and Ayello et al. (2008)]. Prediction of corrosion rates under these flow 
conditions requires knowledge of local water cut, water velocity, water film thickness and pipe 
surface area wetted by water. The thickness of water layer and local water velocity are two 
essential elements for corrosion to occur. The mixture of oil and water contains dissolved 
corrosive gases that results in formation of a weak carbonic acid often causing severe corrosion 
in carbon steel pipelines [Vedapuri, et al. (1997)]. The dissolved CO2 in the liquid phase is 
distributed in the solution in the form of [H2CO3], [HCO3
-
], and [CO3
-
] as per the following 
steps, [Dayalan et el. (1998)]: 
CO2  + H2 O = H2CO3       (2.2) 
H2CO3     = H
+  
+ HCO3
-
      (2.3) 
 HCO3
-
   =  H
+  
+ CO3
-
       (2.4) 
 
Shi (2001) associated the corrosion rate with the thickness of water layer and local 
water velocity as key factors to corrosion.  Some research work reported that high viscose fluid 
may increase local water velocity which leads to high erosion/corrosion rate. This is the reason 
that most of researches use local water velocity to monitor the corrosion rate and not the 
mixture velocity where the corrosion rate will result in large errors [Shi (2001)]. Therefore, the 
local holdup of water is very important to be monitored to predict corrosion rates in oil-water 
flow.  Shi (2001) recommended studying water distribution at low water cut even below (< 
20%) since free water layer which is the source of corrosion can present at the bottom of the 
pipeline at any water cut. Based on Shi (2001) work, it was expected that the minimum local 
water percentage for corrosion to happen is about 30% local water contents. 
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From Shi (2001) experiment shown in Figure 2.6, the corrosion rate is a function of the 
bottom water fraction which presents the local water content. It is seen that up to 1.2 m/s, the 
local water contents reaching 100% and the corrosion rate increases sharply to almost 1.0 
mm/yr. Between 1.2 m/s and 2.6 m/s, the local water contents drops sharply from 100% to 35% 
where the corrosion rate increases from 1.0 mm/yr to its maximum value in this figure of 1.8 
mm/y. Beyond 2.6 m/s mixture velocity, the local water contents drops gradually to 30% at 3.0 
m/s. However; in this range of mixture velocity, the corrosion rate drops sharply to 1.48 
mm/yr. From this, Shi (2001) presented that the availability of 70% oil at the bottom of the 
pipe can reduce corrosion rate significantly. 
 
   Figure 2.6: Relation between mixture velocity and corrosion rate (Shi, 2001)  
 
 
 Prediction of corrosion rates in oil-water flows requires knowledge of the local 
holdup and velocity of the water layer to predict mass transfer coefficient [Shi et el. (2002)].  
As the water cut increases, water break out may occur leading to flow of a separate layer of 
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water. The thickness of water layer and local water velocity are two essential elements for 
erosion/corrosion occurrence. The corrosion rate increases as the separated water layer 
increases [Shi (2001) and Vedapuri et al. (1997)]. Dayalan et al. (1998) formulated the 
corrosion of steel with dissolved CO2 as follows: 
 
Cathodic reactions: 
2 H2CO3 +2e = H2
  
+ 2HCO3
-
      (2.5) 
2HCO3
-
  + 2e =  H2
  
+ 2CO3
2-
      (2.6) 
2H
+  
+ 2e =  H2
  
       (2.7) 
Anodic reactions: 
Fe = Fe
2+  
+ 2e        (2.8)  
General reaction: 
Fe + CO2 +H2O -> FeCO3+H2
 
     (2.9) 
 
The reported methods of mitigating pipelines corrosion in case of oil-water 
multiphase flow is to inject chemical inhibitors and or maintain the flow velocity above 
certain velocity,  called critical velocity as repored by Ayello et al. (2008) in order to have 
complete entrainment for water in the system. The effectiveness of inhibitors depends on 
many factors as highlighted by Shi et al. (2002) and Nesic (2007) such as pipeline material, 
inhibitor composition and flow conditions. Corrosion inhibitors are substances containing 
organics that are adsorbed to the metal surface and form a protective film to prevent 
corrosion. The two most common sources of corrosion inhibition in oil-water flow are: (a) 
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inhibition by addition of corrosion inhibitors and (b) inhibition by components present in the 
crude oil, [Nesic (2007)]. For effective inhibition, inhibitor must be introduced into the phase 
in contact with the pipe wall by using oil or water soluble inhibitors based on the existing 
flow patterns [Wang et al. (2001)]. This decision can be made effectively, only if flow 
patterns and phase distribution under different flow conditions are known. 
 
2.4 Turbulator Generation Devices Applications 
 
Turbulator devices proposed in this investigation are static devices of a special geometry 
design. It is proposed to be used for pipelines with multiphase fluid to mix two-immiscible 
liquids. There are many static mixers available with different mixer configurations mainly for 
chemical mixing applications. The literature review shows different static mixers. 
 
Kenics™ static mixers consists of a series of alternating left and right hand helical 
elements of 180 degree helices as reported in the internet website for Kenics [Kenics (1998)] 
that is shown in Figure 2.7.  
 
Figure 2.7 
Figure 2.7: Kenics static mixer (Kenics, 1998)  
 
GV static mixer is also available on the website of Stamixco [Stamixco (2006)]. It is 
to mix low viscosity liquids and gases and contacting of immiscible fluids to enhance mass 
transfer in pipelines. It is made of corrugated plates that are stacked on top of each other in an 
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alternating-crossing fashion to form open intersecting channels that are at a 45
o
 angle relative 
to the pipe axis. Adjacent mixing elements are oriented 90
o
 relative to each other to create 3-
dimensional mixing. The GV mixer is shown in Figure 2.8. 
 
 
Figure 2.8 
Figure 2.8: GV static mixer (Stamixco, 2006) 
 
Mandal et al. (2007) conducted extensive experiments on horizontal pipes of 
diameters 12 mm and 25 mm using two immiscible liquids (water and kerosene). They 
reported that mixer design influences the distribution of the two liquids and a properly 
designed mixer can increase or decrease the range of existence of any flow pattern.  
 
The problem with the existing mixers is that they have large area of contacts with the 
internal surface of the pipe. The contact areas to the pipe create stagnant flow that can lead to 
corrosion due to many reasons. Two-phase flow separate in the stagnant areas and the sludge 
start build up behind the contact areas that causes corrosion and plug the flow area.  The 
target of this work for this part is to use turbulator device that has different design from the 
reported mixers, Kenics™ static mixers and GV static mixer. It is expected to have low 
energy impact resulting from the geometry itself. The purpose of this device is to investigate 
the possibility of creating specific flow pattern by installing the turbulator device inside the 
pipe with different dimensions. Moreover, the study is targeting to mitigate the corrosion by 
getting specific flow patterns at specific locations. Since the effective inhibition requires 
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introducing the right phase that depends on whether to use oil or water soluble inhibitors, and 
amount of inhibitor. This condition can be met effectively, only if the flow patterns and the 
phase distribution under different flow conditions are known.  
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CHAPTER 3 
 
 MATHEMATICAL FORMULATION AND NUMERICAL 
ANALYSIS 
 
3.1 Problem Statement 
 
This work is to numerically simulate oil-water phase flow in horizontal and slightly 
inclined pipelines as shown in sketches per Figure 3.1. The flow enters the pipe based on two 
cases as shown in Figure 3.2 for different test applications as summarized below. 
a) Mixed flow 
The flow enters as a mixed flow, Figure 3.2-a, of oil-and-water in a horizontal or 
slightly inclined pipe to investigate the effect of some parameters on the flow patterns at 
certain operation conditions. These parameters consist of variables covering piping geometry, 
operation and fluid physical properties: 
 Operation variables: water concentration, and mixture inlet velocity. 
 Fluid physical properties: oil density and oil viscosity.  
 Geometrical variables: pipe diameter, pipe inclination and internal turbulator device. 
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b) Segregate flow: 
The flow enters as a separate flow in a horizontal pipe, Figure 3.2-b, by dividing the 
inlet to equivalent portions to the volume fractions. Oil enters into the top while water enters 
into the bottom portion. The two flows move as stratified flows with some interfaces mixing 
until they hit a turbulator device downstream. The flows then get mixed with different 
degrees of mixing. This part is to investigate the effect of the turbulator on the streams and 
evaluate possibility of controlling flow patterns. Since flows are get mixed downstream the 
pipe in both cases, the flows are considered mixed flows and accordingly the numerical 
formulations are selected to be exchangeable fluids as Eulerian model of fluent can be used .  
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Figure 3.1: Different orientations of pipelines: horizontal, inclined up, and inclined down  
 
 
 
 
 
 
 
 
 
 
Figure 3.2: Different inlet flow condition: a) fully mixed and b) fully separated 
 
 
 
3.2 Numerical Calculation Tool 
 
The present work utilizes the Computational Fluid Dynamics CFD, fluent 
package, as the numerical tool. CFD/fluent operates on quite simple laws such as laws of 
thermodynamics, conservation, momentum, energy, and Euler equations. The partial 
differential equations known as Navier-Stokes equations resulting from these laws are 
15
o
 
-15
o
 
Figure 3.1 
Figure 3.2 
a b 
Mix Oil 
Water 
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what govern fluid dynamics. Solving the Navier-Stokes equations involves the use of 
sophisticated solution algorithms. It is more suited to steady state flow which is less 
demanding for the computer and enables solution to be achieved within a reasonable 
number of iterations.  
 
General governing equations  
 
All the flow variables such as pressure, velocities etc. are defined as volume average. 
The phases are assumed to share space in proportion to their volume fractions to satisfy 
the total continuity relation. Volume fractions represent the space occupied by each 
phase, and the laws of conservation of mass and momentum are satisfied by each phase 
individually [ANSYS (2002)]: 
 
a) Multiphase modeling 
 
Among the different multiphase models in Fluent application for oil-water two-phase 
flow, multiphase Eulerian-Eulerian was selected based on its ability to handle high water 
cut of the two fluid phases with different flow patterns as in this case. Moreover, Eulerian 
models assist to identify water holdup. An implicit, steady-state and segregated 3D solver 
are selected to solve the Fluent‟s built-in conservation of mass and momentum equations 
for the specified models. CFD has further features as follows [ANSYS (2002)]: 
 
 A single pressure is shared by all phases. 
 Momentum and continuity equations are solved for each phase. 
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 All of the k-ε turbulence models are available, and may apply to all phases or to 
the mixture.  
 
i) Conservation of mass (Continuity): 
 
For any phase, the mass conservation equation can be written as: 
 
   
0





y
v
x
u 
 
 
(3.1) 
 
ii) Conservation of x-momentum: 
 
 
       
x
k
y
u
yx
u
xx
p
vu
y
uu
x
tt


































3
2
 
 
(3.2) 
  
 
iii) Conservation of y-momentum: 
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(3.3) 
The above governing equations are time averaged; however, they no longer form 
a closed set due to the additional terms representing the transport of momentum and heat 
of the fluctuating motion. Equations governing these fluctuating motions introduce 
additional unknown quantities and can only be solved when the turbulence correlations 
are used. 
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b) Turbulence modeling 
 
The Realizable k-ε model is used with the following transport equations as per 
fluent manual [ANSYS (2002)]: 
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In equations (3.2)-(3.3), t is the turbulent dynamic viscosity that is to be predicted from 
the knowledge of the kinetic energy of turbulence, k , and turbulent kinetic energy 
dissipation rate,  . Note that in the above formulation, the governing equations are 
solved for incompressible flow with Boussinesq approximation. 
Water holdup (Hw) and slip calculation 
 
The slip or relative velocity is determined from where the water hold-up can be 
estimated in terms of the velocity of the secondary phase, in this case, is water (w) 
relative to the velocity of the primary phase (o). There are different methods to show the 
phases. One way is to calculate the relative velocity of the two phases as per equation 
(1.4). The other way is to calculate the slip ratio factor (S). It is the ratio of average 
velocity of oil divided by average velocity of water. In the present work, the velocities 
are taken at 90% contents for both oil and water along the vertical radial line passing a 
cross the plane X5.5. The slip ratio factor is calculated as per equation (3.6): 
 
 
w
o
V
V
S          (3.6) 
If the ratio is unity, the velocity is equal for both phases. If the ratio is less than unity, that 
means water travels faster than oil and the opposite is true if the ratio is greater than 
unity. The water holdup (Hw) is calculated based on the slip ratio factor per equation (1.3). 
 Boundary condition assumptions 
In order to set the problem, some assumptions need to be set up as shown in Figure 3.3 
and listed below: 
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a) Steady-state flow. 
b) Adiabatic flow, i.e. no heat transfer throughout the flow. 
c) Isothermal flow, i.e. no temperature change during flow. 
d) Neglect pipe roughness. 
e) Fully mixed or fully segregated inlet flow. 
f) Same inlet velocity for both oil and water of mixture or segregated flow.  
g) Zero static pressure (gauge) at the outlet of the pipe which is equal to the atmospheric 
pressure. 
h) No chemical reaction taking place throughout the flow. 
i) No diffusion or phase generation throughout the flow. 
j) Considering the gravity affect downward. 
 
 
 
 
 
Figure 3.3: Schematic representation of pipe flow 
 
 
 
y 
x 
Wall (No-slip boundary 
Wall (No-slip boundary 
L = 6000 mm 
D = 154 mm 
Uniform 
inlet 
mixture 
velocity 
Pressure 
outlet 
 51 
 
3.3 Corrosion Calculation 
 
There is specific ingredient of the environment required for the piping system 
internal corrosion to occur; such as available of corrosive gases, free water layer, 
pressure, temperature, etc. In the present work, it is assumed that required conditions for 
corrosion to occur are satisfied. The target is to determine the corroded surface area 
wetted with the free water layer for different flow patterns. The corrosion surface area is 
determined by locating the height of the water layer for each pipe size at different 
operating conditions. The surface area wetted with the free water layer is determined by 
referring to Figure 3.4 as follows: 
 The surface area ( swA ) wetted with free water below the cord (c), representing water 
to mixing zone interface, is calculated per equation (3.7):  
LaAsw          (3.7) 
where (a) = arc length and (L) = pipe length. 
 Arc length (a) of angle ( ), representing water to pipe interface per equation (3.8): 
 a = 
180
r
         (3.8) 
where (r) = radius of the pipe with inner diameter (D).  
 The arc angle ( ) is calculated as per equation (3.9): 
)
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    (3.9) 
where (L2) = water accumulation height measured from the pipe bottom in the 
simulation in the present work. 
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                      Side view                                                                Front section view 
 
Figure 3.4: Calculation of surface area wet with water 
 
The corrosion rate (CR) is then calculated based on the loss in weight from the 
given surface area during a given time interval as follows: 
timeA
W
metalofdensityareaWetted
timelossWeight
CR
metalsw
t





/     (3.10) 
In the present work, the corrosion calculation is not absolute for each case and is 
based on the following assumptions:  
 Corrosion comparison is in reference to the base case.  
 Assuming corrosive environment for operation of different inlet conditions where the 
internal corrosion can occur due to availability of free water layer.  
 Metal loss is based on the surface area wetted by 90% water content and more.  
 No other considerations for metal loss source in the present work, such as 
erosion/corrosion due to high velocity of both or one phase.  
 
Figure 3.3 
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Steps of calculating the wetted-water surface area: 
 The corroded surface area is determined by locating the height of the water layer for 
each pipe size as shown in Figure 3.4.  
 The wetted surface area (Arw) with at least 90% free water below the cord (c) is 
considered as the affected area that will get corroded.  
 The corrosion for any variable (n) referring to the base case (b) can be related to the 
surface area exposed to water and consider that corrosion takes place uniformly for 
the whole surface.  
 Accordingly, the corrosion ratio based on the exposed surface area (CeS) is 
calculated as follows: 
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 To simplify equation (3.11), equation (3.12) can be utilized to calculate the corrosion 
rate for any case (n) as a percentage of the base case (b) corrosion rate as a wetted surface 
area.   
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Where (h) and (hn) are the same and represent the water height from the pipe bottom. 
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3.4 Numerical Analysis 
 
The numerical solution of a differential equation consists of a set of numbers from 
which the distribution of the dependent variable, , can be constructed. A numerical 
method treats the values of the dependent variable as its basic unknowns at a finite 
number of locations called the grid points in the computational domain where the 
numerical method implemented in the CFD/Fluent is Finite-Volume Method (FVM). The 
flow variables are approximated using different discretization processes. The 
discretization process is essentially an exercise of engineering judgment. The general 
objective of such a discretization is to divide the body into finite control volumes 
sufficiently small so that the simple models can adequately approximate the true solution. 
At the same time, too fine subdivisions lead to extra computational effort. For a given 
differential equation, the discretization equations can be derived using finite volume 
formulation that is integrated over each control volume to yield the discretization 
equation. Thus, the discretization equation represents the same conservation principle 
over a finite region as the differential equation over an infinitesimal region. This direct 
interpretation of the discretization equation makes the method easy to understand in 
physical terms; the coefficients in the equation can be identified, even when they appear 
in a computer program, as familiar quantities such as flow rate, conductance, areas, 
volumes, diffusivities, etc. The control volume approach can be regarded as a special case 
of the method weighted residuals [Patankar (1980)] in which the weighted function is 
chosen to be unity over a control volume and zero everywhere else. 
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a) Discretization of the governing transport equations 
Discretization of the governing equations can be illustrated most easily by considering 
the steady-state conservation equation for transport of a scalar quantity . This is 
demonstrated by the following equation written in integral form for an arbitrary control 
volume V as follows: 
   V dVSdAdAv    
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where   is the density, v  is the velocity vector ( jviu ˆˆ ), A is the surface area vector, 
  is the diffusion coefficient for  , S  is the source of   per unit volume and   is 
given by 
 jy
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(3.14) 
 
The above equation is applied to each control volume or cell in the computation 
domain. The two-dimensional cell shown in the Figure 3.5 is an example of such a 
control volume. Discretization of the above equation (3.14) for a steady state convection-
diffusion equation for the transport of general property   is given by 
     Sgradu   (3.15) 
 
 
The integration over a control volume gives 
 
 
     
CA CVCA
dVSdAgradndAun   
(3.16) 
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This equation represents the flux balance in a control volume. The principal problem in 
the discretisation of the convection terms is the calculation of the value of transported 
property   at the control volume faces and its convective flux across these boundaries. 
Applying the divergence theorem to the above equation, we get 
    S
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u
x
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



 
         (3.17) 
A portion of the two dimensional grid used for the discretisation is shown in Figure 3.5. 
 
Figure 3.5 
Figure 3.5: Part of the two-dimensional control volume grid 
 
b) Domain discretization 
The first step in the finite volume method is to divide the domain into discrete 
control volumes. The boundary of control volumes are positioned mid way between 
adjacent nodes. Thus, each node is surrounded by a control volume or cell. It is common 
practice to set up control volumes near the edge of the domain in such a way that the 
physical boundaries coincide with the control volume boundaries. 
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A general nodal point is identified by „Pn‟ and its neighbors in two-dimensional 
geometry. The nodes of the west and east are identified by „W‟ and „E‟ and the nodes of 
the north and south by „N‟ and „S‟ respectively. The west side face of the control volume 
is referred to by „w‟ and other corresponding faces on east, north and south of the control 
volume by „e‟, „n‟, „s‟ respectively. The distance between the nodes W and Pj is 
identified by WPx  and between face w and Pj by wPx . Similarly, the other distances 
are computed. The widths of the control volume is given by wexx  and nsyy  . 
The key step of the finite volume method is the integration of the governing 
equation (or equations) over a control volume to yield a discretized equation at its nodal 
point P. For the above defined control volume this integration gives, 
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Noting that Ae=Aw=∆y and An=As=∆x, we obtain 
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The flow must also satisfy continuity and accordingly, 
   
0




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y
v
x
u 
      (3.20) 
and its integration over the control volume gives  
          0 snwe vAvAuAuA      (3.21) 
 
The nonlinearity of the source term can be removed by representing it in a linear form. 
Ppu SSVS        (3.22) 
Using linear central differencing approximation we can write expressions for the 
flux through the control volume faces as: 
Flux across the west face =
 
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WP
ww
w
ww
x
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x
A
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

     (3.23) 
Similar expressions can be written for flux through other faces. 
To obtain discretized equations for the convection / diffusion problem the,   is 
approximate at all terms in above equation (3.19) as follows. It is convenient to define 
two variables F and D to represent the convective mass flux per unit area and diffusion 
conductance at cell faces: uF   and 
x
D


 . 
The cell face values of the variables F, D and Pe can be written as 
 
ww uF  , 
WP
w
w
x
D


  and 
W
W
W
D
F
P       (3.24) 
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For the convective terms for a uniform grid, we can write the cell face values of 
property   as 2EPe    and similarly for other face values. 
The general discretized equation form for interior nodes reduces to 
uSSNNEEWWPP Saaaaa        (3.25) 
and from conservation equation we have     0FFFF SNWE   
where        0FPADa WWWW ,  
       0FPADa EEEE ,  
       0FPADa SSSS ,  
       0FPADa NNNN ,  
and     ASaaaaa PNSEWP   
The value of  PA  for the upwind scheme is 1.0 [Patankar (1980)]. 
In the present work, the first and second order upwind schemes have been used. 
i. First-Order Upwind Scheme  
In the first-order upwind scheme, quantities at cell faces are determined by 
assuming that the cell-center values of any field variable represent a cell-average value 
and hold throughout the entire cell; the face quantities are identical to the cell quantities. 
Thus in first-order upwind, the face value f is set equal to the cell-center value of  in 
the upstream cell. 
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ii. Second-Order Upwind Scheme  
In second-order upwind scheme, quantities at cell faces are computed using a 
multidimensional linear reconstruction approach [Barth and Jespersen (1989)]. In this 
approach, higher-order accuracy is achieved at cell faces through a Taylor series 
expansion of the cell-centered solution about the cell centroid. Thus, when second-order 
upwinding is selected, the face value f  is computed using the following expression: 
sf          (3.26) 
where  and  are the cell-centered value and its gradient in the upstream cell, and 
s is the displacement vector from the upstream cell centroid to the face centroid. This 
formulation requires the determination of the gradient   in each cell. This is computed 
using the divergence theorem, which in discrete form can be written as  
A
V
1 faces
N
f
f 
~
       (3.27) 
Here the face values f
~
 are computed by averaging   from the two cells adjacent to the 
face. Finally, the gradient   is limited so that no new maxima or minima are 
introduced.  
c) Grid generation 
A uniform grid arrangement is used for numerical simulation of fluid flow in a 
pipe using Gambit 2.2 as shown in Figure 3.6.  
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Figure 3.6: Grid generation for the test pipe for front and side view 
 
 
d) Solution Algorithms for pressure-velocity coupling 
If the pressure field, which appears as a major part of the source term is unknown, 
then equations (3.14) and (3.15) are applied at all the nodal points to yield a set of 
algebraic equations but the resulting velocity field may not satisfy the continuity 
equation. The problems of determining the pressure and satisfying continuity are 
overcome by adjusting the pressure field using pressure-velocity coupling by following 
the SIMPLE algorithm for the pressure-velocity coupling wherethe acronym SIMPLE 
stands for Semi-Implicit Method for Pressure-Linked Equations [Patankar and Spalding 
(1972)].  
e) Calculation procedure 
In this procedure, the governing equations are solved sequentially (i.e., segregated 
from one another). Since the equations are non-linear (and coupled), several iterations of 
the solution loop must be performed before a converged solution is obtained. The 
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iterations include: Fluid properties updated, based on the current values of pressure and 
temperature and solving the u and v momentum equations using current values for 
pressure and face mass fluxes in order to update the velocity field. Checks for 
convergence of the equation set are made and continue the above steps until the 
convergence criteria are met.  
f) Convergence criterion 
The use of an iterative solution method requires the definition of a convergence 
and stopping criteria to terminate the iteration process. The measure of convergence is a 
norm on the change in the solution vector between successive iterations. The iterative 
algorithm is terminated after a fixed number of iterations if the convergence has not been 
achieved. This criterion is used to prevent slowly convergent or divergent problems as 
per each scheme explained above. The convergence in the present study is defined to be 
obtained after all the following criteria are achieved. 
 Changes in the continuity are less than      1x10-3 
 Changes in the x - and y - velocity component are less than   1x10-3 
 Change in the turbulence is less than            1x10-3 
The discretization scheme of the present work for: momentum, volume fraction, 
turbulent kinetic energy and turbulent dissipation rate all are initially run at 1st order 
scheme until getting convergence criteria.  After that all are changed to 2nd order scheme 
(momentum, turbulent kinetic energy and turbulent dissipation rate) except volume 
fraction is changed to QUICK. Finally the case is run again until getting convergence 
criteria. 
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CHAPTER 4 
 
RESULTS AND DISCUSSIONS 
 
4.1  Summary of Parametric Study 
 
The objective of the present work is to numerically simulate oil-water two-phase 
flowing in a horizontal and slightly inclined pipe using the commercial package 
Computational Fluid Dynamics (CFD)/Fluent. The applied fluent modeling technique for 
multiphase is Eulerian model.  The Realizable K- mixture model was selected with 
default related factors for turbulent. An implicit steady-state of segregated 3D solver is 
selected to solve the Fluent‟s built-in conservation of mass and momentum equations for 
the specified models. Oil is set as a primary continuous phase and water as a secondary 
phase with droplet diameter of 0.001 m.  
Pipe orientation and flow direction are shown in sketches of Figure 4.1. The flow 
operation conditions for different variables are based on data summarized in Table 4.1. 
The flow is designed to enter the pipe at different variable parameters for base case and 
alternative cases with a total of fifteen (15) cases based on three (3) different parameters: 
operation conditions, fluid physical properties and piping geometry. The selection of the 
piping size as a conventional types used in production lines are based on the design 
summarized in Table 4.2. The base case selection is based on the design criteria per Saudi 
Aramco references [Saudi Aramco (2005)] for Arabian oil 39 
o
API and 30% water cut. 
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The mixture inlet velocity is set at 1.0 m/s as the recommended minimum velocity per 
Saudi Aramco standards to minimize deposition of solids and debris at the bottom of the 
pipe.  
a) Operation conditions 
Operation is simulated with two different inlet conditions as follows:  
 Different inlet mixture velocity: 0.5, 1.0 and 2.0 m/s. 
 Different inlet water content (WC): 20, 30 and 50%.  
 
b) Different oil physical properties 
The oil properties used in this research are based on two variables referring in the 
base case to specific properties of oil production at Saudi Aramco. 
 Different viscosity ratio of oil to water: 2.0 / 1.0, 15.0 / 1.0 and 30 / 1.0 cP. 
 Different density ratio of oil to water: 662/998.2, 830/998.2 and 998.2/998.2 
kg/m
3
.   
 
c) Piping geometry 
The proposed pipes have nominal diameter and standard schedule as tabulated in 
Table 4.2. The base case pipe is with an inner diameter of 154 mm. The alternative pipe 
sizes are 102 mm and 202 mm inner diameter. The selection of these sizes is based on the 
most used pipelines for oil-water production to transport oil-water from wells to 
separation plants. Moreover, since the production pipelines are never be horizontal for the 
total length, different inclinations are selected arbitrary to represent expected piping 
orientations.  As part of the geometry test, effects of internal turbulator devices are tested 
which are detailed below. The summery of the geometry effect is as follows: 
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 Different pipe inner diameter; 102, 202 and 154 mm. 
 Different pipe inclinations (β): -15, 0 and +15 degree from horizontal line. 
 Different internal turbulators: detail is available in Chapter 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1: Piping orientation and flow direction 
 
Figure 4.1 
g 
x 
y 
β 
Flow direction 
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Table 4.1: Cases of different variable conditions 
Table 4.1 
Variables 
Base 
case 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Inlet flow 
pattern 
Mixed Mixed Mixed Mixed Mixed Mixed Mixed Mixed Mixed Mixed Mixed Mixed Mixed 
Segregated 
Flow 
Mixture 
velocity (m/s) 
1 0.5 2 1 1 1 1 1 1 1 1 1 1 1 1 
Oil viscosity 
(cP) 
2 2 2 15 30 2 2 2 2 2 2 2 2 2 2 
Oil density 
(kg/m3) 
830 830 830 830 830 830 830 830 830 830 830 998.2 662 830 830 
Pipe inner 
Diameter (mm) 
154 154 154 154 154 102 202 154 154 154 154 154 154 100 154 
WC% 30 30 30 30 30 30 30 20 50 30 30 30 30 20 30 
Inclination 
(Degree) 
0 0 0 0 0 0 0 0 0 15 -15 0 0 0 0 
Length (m) 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 
Turbulator NA NA NA NA NA NA NA NA NA NA NA NA NA A B 
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Table 4.2: Pipelines design information 
 
Pipe Sizes & Schedules 
Nominal Dia. 
 
O.D. 
Wall 
Thickness 
 
Mass 
Identification 
inches mm mm mm Kg/m Designation Schedule 
Number 
4 100 114.3 6.02 16.06 STD 40 
6 150 168.3 7.1 28.23 STD 40 
8 200 219.1 8.2 42.49 STD 40 
 
Dimensionless pipe  
 
To generalize this work, the result is reported in terms of dimensionless pipe 
geometry for length over inner diameter (L/D). This work covers up to 58.82 of L/D 
as per Table 4.3 that contains portion length (xn) of the total pipe length (L). 
 
Table 4.3: Dimensionless length of pipes used in this work (L/D) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.3 
xn  0 1 2  3 4 5 6 D 
xn/D  0.00 9.80 19.61  29.41 39.22 49.02 58.82 0.102 
xn/D  0.00 6.49 12.99  19.48 25.97 32.47 38.96 0.154 
xn/D  0.00 4.95 9.90  14.85 19.80 24.75 29.70 0.202 
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Reynolds number 
 
To generalize this work, the Reynolds numbers are calculated based on the 
mixture properties (Table 4.4) and piping different geometries (Table 4.2) to cover 
the range of Reynolds Numbers from 6.37x10
3
 to 1.59 x10
5
. 
4.2 Grid Independence Tests 
The numerical solution requires building grids of the pipe geometry as cells of 
meshing. The numerical model can be reliable only if it is tested to be independent of 
the meshing dimensions. The meshing density selection is validated by comparing 
different parameters for different cases.   
 
Boundary conditions 
 
The fluid properties to investigate the meshing affect are based on the base case as 
shown in Table 4.1. The mixture inlet velocity is 1.0 m/s with inlet water cut of 30%. 
Oil has viscosity of 2.0 cP and density of 830 kg/m
3
. The internal surface of the pipe 
is considered smooth surface. 
 
Piping geometry building 
  
The test is done using straight pipe configurations of inner diameter, 154 mm, 
and total straight length of 6000 mm. The meshing is evaluated by comparing four 
stages of meshing densities based on the count number of meshing per edge, center 
line and pipe length. The circumferential edge is divided to two parts each part has a 
count number of 20, 24, 32 and 40 or a circumferential counts of 40, 48, 64 and 80 
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with count number of 32, 38, 48 and 55 for previous edges counts respectively. The 
meshing has 6 layers of boundary layers based on 1.0 mm and an increment of 1.2 
factors. The pipe has a longitudinal split to two parts. The longitudinal meshing is 
300, 400, 500 and 550 count points for previous edges counts respectively. 
 
The cases are named based on the count number of meshing for each stage as 
edges count number of meshing for one-half circumferential, center-line and length 
for each stage. The cases of each stage are E20/32/300, E24/38/400, 32/48/500 and 
40/56/550 respectively. For simplification, the cases can be called E20, E24, E32 and 
E40. The different stage shows the geometry volume of total element, skewness and 
aspect ratio as shown in the related figures as highlighted below in Figure 4.2, Figure 
4.3, Figure 4.4 and Figure 4.5. 
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 E20/32/300-meshing: total element, skew and aspect ratio: 121200 / 42% / 20.1 
 
 
 
Figure 4.2 
Figure 4.2: Cross section and longitudinal meshing for E20/32/300 
 
 
 
E24/38/400-meshing: total element, skew and aspect ratio: 224000 / 48% / 15.2 
 
 
 
Figure 4.3 
Figure 4.3: Cross section and longitudinal meshing for E24/38/400 
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E32/48/500-meshing: total element, skew and aspect ratio: 425000 / 69% / 12.2 
 
 
 
 
 
Figure 4.4 
Figure 4.4: Cross section and longitudinal meshing for E32/48/500 
 
 
E40/55/550-meshing: total element, skew and aspect ratio: 661100 / 69% / 14.2 
 
 
 
Figure 4.5 
Figure 4.5: Cross section and longitudinal meshing for E40/55/550 
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The pipe is configured with defining different planes in cross-sections at 
certain distances along the pipe as shown in Figure 4.6. The planes are named: X0, 
X1, X2, X3, X4, X5 and X6. The comparisons of contours for water phase contents 
for different meshing work per base case operation conditions are shown in Table 4.4 
and Figure 4.5. Water phase velocity contour is shown in Table 4.5 and Figure 4.8. 
Oil phase velocity contour is shown in Figure 4.9.The result is that the differences in 
the patterns and water holdup (local contents) disappear as the mesh densities 
increases from E20 to E40. 
 
              
    X0  X1  X2  X3   X4  X5 X5.5  X6 
Figure 4.6 
Figure 4.6: Planes along the pipe 
 
Contours comparison 
 
Water phase contours comparison for cross sections of the pipe for the four (4) 
stages of meshing is shown in Table 4.4. It shows that at same cross sections for 
different stages of meshing the flow patterns get closer until they get so similar for 
the last two levels of meshing. Water velocity contours comparison for cross sections 
at the pipe for the four (4) stages of meshing is shown in Table 4.5. It shows that at 
same cross sections for all levels the flow patterns get closer until they get so similar 
for the last two levels of meshing. 
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a) Y-X – cross-plane for water phase/velocity contours (plane Z = 0) 
 
Table 4.4: Water phase contour along meshing dependency test levels 
 
 E20/32/300 E24/38/400 E32/48/500 E40/56/550 
X0 
 
   
X1 
    
X2 
 
    
X3 
 
    
X4 
    
X5 
    
X6 
    
 
 
 
 
100%Water 
 
100% Oil 
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Table 4.5: Water velocity contour along meshing dependency test levels  
 
 E20/32/300 E24/38/400 E32/48/500 E40/56/550 
X0 
    
X1 
    
X2 
 
 
 
  
X3 
 
    
X4 
   
 
X5 
 
 
  
X6 
    
 
 
 
 
Max. Velocity 
 
0 Velocity 
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b) Y-Z- longitudinal–plane for phase/velocity contours (plane X = 0) 
 
The contours comparison for flow at the vertical center plane along the pipe is 
shown in Figure 4.7, 4.8 and 4.9 for water phase contours, water velocity contours 
and oil velocity contours respectively. The last two stages of all different counters for 
E32 and E40 are identical. 
 
 
 
E20/32/300 
       E24/38/400 
 
       E32/48/500 
 
E40/56/550 
Figure 4.7: Water content contour along longitudinal central-vertical planes for each 
stage of mesh dependency test  
 
 
 
 
100%Water 
 
100% Oil 
 
Flow direction 
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E20/32/300 
 
E24/38/400 
 
E32/48/500 
 
E40/56/550 
Figure 4.8: Water velocity contour along longitudinal central-vertical planes for each 
stage of mesh dependency test  
 
 
 
 
 
 
 
 
 
 
Max. Velocity 
 
0 Velocity 
 
Flow direction 
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E20/32/300 
 
E24/38/400 
 
E32/48/500 
 
E40/56/550 
 
Figure 4.9: Oil velocity contour along longitudinal central-vertical planes for each 
stage of mesh dependency test  
 
 
 
Max. Velocity 
 
0 Velocity 
 
Flow direction 
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Radial plots 
 
As a continuation to meshing dependency test, radial water height 
concentrations along vertical-central lines are monitored at different locations along 
the pipe for the four (4) stages. The lines are a normalized of height from pipe bottom 
to the diameter as shown in Figure 4.10. These lines are located at 1000, 2000, 3000, 
4000, 5000 and 6000 mm distances downstream the inlet as shown in Figure 4.6 
Pipe top: h = D, h/D =1
Pipe bottom : h = 0, h/D =0
Pipe 
h
Vertical 
central line
 
Figure 4.10 
 
Figure 4.10: Radial vertical line at the center of the pipe for water 
concentration height measurement   
 
 
Concentration error comparisons of water in vertical height are presented at 
X2 and X5 which are 2000 and 5000 mm from inlet, respectively, as presented in the 
Figures 4.11 and 4.12. The figures have the water concentration on the x-axis and the 
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ratio height of the pipe on the y-axis. The figures show very negligible differences 
referring to E32 that is considered not affecting the flow patterns behavior. 
Accordingly, the meshing of E32 features is selected for conducting the simulation of 
the present work.  
Simulation error based on water concentration calculations  
 
Error of simulation based on water concentration calculation in the radial direction 
for different meshing density calculated using method below for E20, E24, E32 and E40: 
 
E20 - E40  E20in Error  ,   E24 -E40  E24in Error   ,  E32- E40  E32in Error    
 
Per the selected cross-sections at X2 and X5, the error range shows the highest 
value for E20 that is followed by E24 and the lowest error is shown by E32 as shown in 
Figure 5.10 and Figure 5.11. The error increase downstream towards the outlet with having 
more phases‟ separation. E32 change ranges for all X-planes are shown in Table 4.6. 
 
Table 4.6: Range of errors in water concentrations for E32 
 
Location from inlet Range of error 
 
Min  Max 
X1(1000 mm) - 0.00031 0.00034 
X2 (2000 mm) - 0.0017 0.005 
X3 (3000 mm) - 0.003 0.018 
X4 (4000 mm) - 0.0036 0.02 
X5 (5000 mm) - 0.0032 0.017 
X6 (6000 mm) - 0.0039 0.017 
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Figure 4.11: Error range changes for meshing dependency test at X2, L/D = 13.0 
 
  
 
Figure 4.12: Error range changes for meshing dependency test at X5, L/D = 32.5 
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4.3 Model Validation 
 
The present work is validated against available experimental work in the field 
of oil-water flow in horizontal and slightly inclined pipes with similar operation 
conditions. The validations were conducted with comparisons with the work of Shi 
(2001), Vedapuri et al. (1997), Kumara et al.  (2010) and Cai et al. (2004). The details 
of these experimental results are described in the following: 
 
Shi (2001) 
 
The first reference is the experimental work done by Shi (2001). Shi (2001) 
conducted an experiments work for the dissertation to study many parameters 
influencing oil-water flow characteristics including oil-water distributions, velocity 
profile, droplet size, etc.  All experimental work was performed in horizontal Plexi-
glass pipe of 101 mm inner diameter.  
 
All of experimental work was performed using a Conoco LVT200 oil and 
ASTM seawater. The system is equipped with electrical heater and water cooling 
systems to maintain the test temperature in the system at 25°C. The fluids properties 
at 25°C are shown in Table 4.7. The oil-water mixture from an agitate oil-water 
mixture tank to ensure well-mixed flow is used.  
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Table 4.7: Properties of oil and water at 25°C (Shi, 2001) 
 
Property 
Viscosity  
(cP) 
Density    
(Kg/m
3
) 
Water 
Cut % 
Mixture 
Velocity (m/s) 
Pressure 
(MPa) 
Oil (LVT 200) 3.0 820 
0 -100% 0.4 – 3.0 13 ASTM 
Seawater 
1.0 1024 
 
 
Shi (2001) investigated water holdup of oil-water two-phase flow in detail for 
input water cut of 5, 10, 15, 20, 30, 40, 50, 60 and 80% at different inlet mixture 
velocities in the range from 0.4 to 3.0 m/s in the 101 mm ID pipe. The liquid was 
withdrawn at different heights along the vertical diameter of the pipeline by a 
sampling tube inserted into the test section. The experimental error reported is within 
5%. The work shows that as inlet mixture velocity increases, mixing increases. From 
velocity profiles, it shows that velocities are the highest at the pipe center. Moreover, 
the velocity at the pipe top is faster than the bottom because of more oil layer at the 
top compared to more water at the pipe bottom.   
For corrosion test purposes, the test section acrylic pipe of 2.0 m long, and 
101 mm in diameter is used. The system was purged with oxygen to get it mixed in 
the fluid, then carbon dioxide was injected into the system to keep a pressure of 0.13 
MPa and temperature of 25°C. Electrical Resistance (ER) probes are installed to 
measure the corrosion rate by using a metal samples ER.  
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Vedapuri et al. (1997) 
 
The second reference is the experimental work done by Vedapuri et al. (1997). 
They studied experimentally oil-water flow in horizontal and slightly inclined (+/-2 
degree) plexiglas pipes of 10 cm diameter with oil viscosity of (2 and 90 cP) and 
ASTM standard water. The study covered the mixture velocity from 0.1 to 2 m/s with 
water cut 20, 40, 60 and 80%. They used a pitot tube to measure the local velocity 
along the vertical pipe diameter. The pitot tube has an inherent disadvantage by 
disturbing the flow field and affect the local velocity. The flow patterns observed 
from the experiments are as follows: 
 For low viscosity oil: 
o In horizontal flow:  
 In the velocity range from 0.4 to 0.6 m/s: a semi-segregated flow pattern. 
 In the velocity range from 0.8 to 1.4 m/s: a semi-mixed flow pattern. 
 Above 1.4 m/s: semi-dispersed flow.  
o In 2-degree upward inclined flow: flow mixing enhancement with more oil 
reaching the bottom of the pipe. 
 For high viscosity oil: 
o In the velocity range of 0.4 to 0.8 m/s: semi-segregated flow pattern. 
They summarized the cross-section flow patterns of three layers as shown in 
Figure 2.1 where both semi-segregated and semi-mixed flow patterns are called by 
other researchers as stratified flow with mixing at the interface ST&MI or three-
layers (3L) or dual continuous flows. 
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Kumara et al.  (2010) 
 
Kumara et al. (2010), conducted experimental work of oil (density 790 kg/m
3
 
and viscosity 1.64 mPas) and water (density 996 kg/m
3
 and viscosity 1.00 mPa.s) in a 
pipe (56 mm ID), horizontal and slightly inclined (5 to -5 degree). The test was 
conducted at a mixture velocity of 0.50 and 1.00 m/s with 50% water cut. The different 
flow regimes are determined based on visual observations. Stratified flow with mixing 
at the interface is observed at mixture velocity of 0.50 m/s. Interfacial waves are 
observed in upwardly and downwardly inclined flows. At a mixture velocity of 1.00 
m/s, interfacial mixing is increased and dual continuous flows are observed.  
 
They studied the effect of velocity and pipe inclination on the flow patterns and 
water holdup. The cross-sectional phase distribution is measured with a single-beam 
gamma densitometer. The different flow regimes are determined by visual observations 
and camera. The results are summarized as follows: 
 
a) For horizontal pipe : The water holdup at 0.5 m/s is almost 0% above h/d of 0.1 
and 100% below h/d of (-0.05) while between (-0.05) and 0.1 h/d ratio the flow is 
dual. The water holdup at 1.0 m/s is almost 0% above h/d of 0.2 and 100% below 
h/d of (-0.35) while between (-0.35) and 0.2 of h/d ratio the flow is dual. 
 
b) For 5-degree inclined up pipe: The water holdup at 0.5 m/s is almost 0% above h/d 
of 0.5 and 100% below h/d of (-0.05) while between (-0.05) and 0.5 h/d ratio the 
flow is dual. The water holdup at 1.0 m/s is almost 0% above h/d of 0.38 and 100% 
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below h/d of (-0.2) while between (-0.2) and 0.38 of h/d ratio the flow is dual. 
Higher mixture inlet velocity reduces the local water concentration. 
 
c) For 5-degree inclined down pipe: The water holdup at 0.5 m/s is almost 0% above 
h/d of 0.18 and 100% below h/d of (-0.5) while between (-0.5) and 0.18 h/d ratio 
the flow is dual. The water holdup at 1.0 m/s is almost 0% above h/d of 0.10 and 
100% below h/d of (-0.2) while between (-0.2) and 0.10 of h/d ratio the flow is 
dual. From previous comparisons, local water concentration decreases for inclined 
down pipes and higher mixture inlet velocity. 
 
Cai et al. (2004) 
Cai et al. (2004) numerically investigated the parameters that affect water 
holdup by calculating the required critical velocity for water entrainment.  They used 
LVT200 oil at 25°C (ρo = 820 kg/m
3
, μo = 2 cP). The water is ASTM seawater 
(ρw=1024 kg/m
3
, μW =1 cP) up to 40% water cut. The oil-water mixture velocity flow 
rate was in the range of 0.4 to 3.0 m/s. The study covered the parameters including: 
pipe diameter, oil viscosity and density. Accordingly, they produced a model that 
predicts the thickness of the water film, the local film velocity and wetted area in order 
to estimate corrosion rate. They reached to that: (1) Increasing water cut requires higher 
critical velocity to entrain water, (2) increasing pipe diameter increases the required 
critical velocity for water entrainment, (3) Increasing oil density decreases the critical 
velocity required to entrain water, and (4) Increasing oil viscosity forms stable water-
in-oil dispersion that lowers critical velocity.  
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By showing the main experimental reference work to validate the present work, following 
paragraphs are the validation results.  
 
4.4 Validation Results 
 
Influence of inlet conditions: 
 
The present work is validated against available experimental work in the field of oil-water flow in 
horizontal and slightly inclined pipes with similar operation conditions as the present work [Shi (2001), 
Vedapuri et al. (1997), Cai et al. (2004) and Kumara et al. (2010)].  
 
The validation here referred to Shi (2001) work, the inlet water cut is 30% at 1.0 m/s inlet 
mixture velocity. Figure 4.13 reflects the flow patterns per the cross section of the present work 
compared to the flow patterns map of the reference of identical operating conditions (30% WC and 1.0 
m/s). The pipe diameter is 101 mm and 102 mm for Shi (2001) and present work, respectively. The 
comparison is done by taking a print of the cross-section of the present work (1) and places it over the 
pattern map of the reference work (2). The print is centered by a vertical line (3) passing by the input 
mixture velocity on the reference map. The flow pattern of the reference crossed by the vertical line is 
compared to the present work for expected flow patterns. The flow pattern of the present work is 
defined as shown in Figure 2.1 as defined by Vedapuri et al. (1997). The comparison as shown in 
Figure 4.13 depicts good agreement of segregated flow pattern with the reference Shi (2001).  
 
Figure 4.14 depicts the radial water local content changes across the pipe diameter for the 
reference Shi (2001) compared to the present flow in 102 mm pipe diameter. The water local contents 
comparison has good matching for the two works. The validation in Figure 4.15 is referred to Kumara 
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et al. (2010), of 56 mm pipe diameter with inlet water content of 50% WC at 1.0 m/s inlet mixture 
velocity. Figure 4.15 depicts the radial water local content changes across the pipe diameter for the 
reference compared to the present work in 154 mm pipe diameter. The water local contents comparison 
shows small difference in local water contents that might be due to large difference in diameters 
between the two cases.  
 
 
 
 
 
 
 
Figure 4.13: Flow pattern validation in straight pipe at 1.0 m/s and 30% WC% for 
present work and the reference (Shi, 2001)  
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Figure 4.13 
Figure 4.14: Local water contents at 1.0 m/s and 30% WC% for both present 
work and the reference (Shi, 2001) 
  
Figure 4.15: Local water contents at 1.0 m/s and 50% WC% for both present 
work and the reference (Kumara et al., 2010)  
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Influence of oil physical properties: 
 
Up to the best of the author knowledge, there are no experimental works 
investigating the effect of the oil properties alone with fixing all the other variables. All 
available work changes other variables with changing the oil physical properties. The 
only available work that can be utilized to validate the present work is a numerical 
work. The available numerical work shows the concept of the effect of the oil 
properties on the water holdup and flow patterns. The other support validations are 
general comments received from some work in this field. The validations here are 
referring to Arirachakaran et al. (1989), Yeo et al. (2000) and Cai et al. (2004).   
 
Per the study of Arirachakaran et al. (1989) in the field of oil-water, it is reported 
that the flow patterns depend on oil viscosity when oil is the continuous phase. Yeo et 
al. (2000) showed that large density differences between the aqueous and continuous 
phases make dispersion more difficult to achieve. That means reducing density 
difference between oil and water, increase oil-water mixing zone. 
 
By referring to the above observations, all can be observed in the present work 
where it shows clear impact of density and viscosity on oil-water separation. Figure 
4.16 and Figure 4.17 show that as viscosity increases, the mixing zone increases 
leading to low water separation. It seems that the water droplet get stabilized and 
suspended in the oil phase because of decreasing the coalescence of droplets with 
increasing the oil viscosity. In this case, higher oil viscosity leads to low water content 
(holdup) downstream the two phase flow of oil-and-water. That means the required 
critical velocity to entrain water phase decreases and that matches the concept of Cai et 
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al. (2004) work.  The densities impact is shown in Figure 4.18 and 4.19 for the present 
work. These figures indicate that as oil to water density ratio increases, the separation 
decreases. By another definition, as the term ow   approaches zero, the mixing 
improves. Accordingly, the local water content (holdup) decreases. These findings are 
in parallel with Cai et al. (2004) work , which shows that increasing oil density 
decreases the critical velocity and water can be much easier entrained by the oil phase.  
 
  
Figure 4.16: Variation of water concentration in vertical position of different 
oil viscosities at plane X5.5 (L/D = 35.7) 
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Figure 4.17: Water contours at different oil dynamic viscosities for longitudinal vertical 
contour, X-Y-plane  
 
 
  
Figure 4.18: Comparison of water concentration in vertical position of 
different oil densities at plane X5.5 (L/D =35.7) 
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Figure 4.19: Water contours at different oil densities for longitudinal vertical 
contour, X-Y-plane  
 
Influence of piping geometry: 
 
The flow patterns of the two-phase flow are very sensitive to the pipe diameter 
size, pipe inclination and water cut. Up to the knowledge of the present work author, 
there are no available works matching the present work for all these variables. So the 
validation here will be based on the concept of the flow patterns change based on the 
change of these variables. The validations here are referring to Kumara et al. (2010) 
and Cai et al. (2004).   
 
Figure 4.20 compares water content for the present work to Kumara et al. 
(2010) for different pipes inclinations and design conditions. Both works have 
horizontal cases. However, the present work calculates water separation in 15 degree 
Up & Down inclined pipe and Kumara et al. (2010) experiment was done in 5 degree 
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Up & Down inclined pipe. The present calculation is for 30% WC in 154 mm pipe 
while Kumara et al. (2010) work is for 50% WC in 56 mm pipe. Both cases have same 
inlet mixture velocity of 1.0 m/s. Referring to Kumara et al. (2010) in Figure 4.19, the 
degree of mixing largely depends on the pipe inclination. Water holdup values increase 
for upwardly inclined flow and decreases for downwardly inclined flow compared to 
the flow in the horizontal pipe. Similar work is presented in Figure 4.19 from the 
present work. Although the degrees of inclinations in the present work (-15, 0 and 15 
degree) are different from Kumara et al (2010) work, the local water contents behave in 
the same manner. The difference between both results shown in Figure 4.20 is probably 
due to the difference in inlet water cut, pipe size and inclinations. 
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Figure 4.20: Comparison of water concentration for the present work (horizontal and 
inclined 15 deg. Up & Down and 30% WC in 154 mm pipe) and Kumara et al. 
(2010)‟s work (horizontal and inclined 5 deg. Up & Down and 50% WC% in 56 mm 
pipe) both at 1.0 m/s inlet mixture velocity 
 
 
 
 At upward inclination from the horizontal, water accumulating at the pipe 
bottom slows down. On the other hand, water velocity increases at pipe bottom in case 
of downward inclinations as shown in Figure 4.21. Figure 4.21 compares radial average 
velocities of oil and water for the present work and Kumara et al. (2010) for different 
pipes inclinations and operation conditions. As both cases have same inlet mixture 
velocity of 1.0 m/s, they are different in other parameters that cause the different in the 
velocity profiles shown in Figure 4.21. Referring to the average velocity distribution for 
the present work, the general radial velocity profiles for both works behave in the same 
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approach. The shown differences might be due to the different tools used for the 
measurements additional to the differences in geometry and operation conditions 
highlighted above. 
  
  
Figure 4.21: Comparison of average velocity distribution for different inclined pipes 
from present work (15 deg. Up, Down and 30% WC in 154 mm ID) and Kumara et al. 
(2010) work (5 deg. Up, Down and 50% WC% in 56 mm ID)  
 
 
For same operation conditions of all pipe sizes, the pipe with larger diameter 
has higher inlet amount of water that requires more effort to avoid separation. Cai et al. 
(2004) presented that as the pipe diameter increases, the critical velocity increases 
required to entrain the free water. They showed that by increasing the pipe diameter 
from 100 to 200 mm, the required critical velocity increases from almost 0.9 to 1.2 m/s. 
This is not shown clearly in the present work as shown in Figure 4.22. Figure 4.22 
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compares three different pipe sizes 102, 154 and 202 mm at X5.5 which is 5500 mm 
downstream the inlet, where L/D is 53.9, 35.7 and 27.2 respectively. The water 
separation height for 154 mm pipe seems to be more than 102 mm pipe at this location 
and that is in agreement with Cai et al. (2004) work.  However, comparing the water 
separation in 202 mm to 102 mm or 154 mm pipes shows that the separation in 202 
mm is lower. This observation is opposite to the previous observation. The discrepancy 
might be justified by that the flow in 202 mm pipe is not yet get enough length to 
complete separation where the mixing zone  in Figure 4.22 is still wide and the 
separation  get delayed as shown clearly in Figure 4.23. Figure 4.23 compares 
longitudinal contours of water in the three pipe sizes. Moreover, increasing pipe 
diameter delays water separation. To conclude, both works has high agreement from 
the concept point of view.  
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Figure 4.22: Comparison of water concentration in vertical position for 
different sizes of pipe diameters102, 154, and 202 mm, equivalent to L/D 
of 53.9, 35.7 and 27.2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.23: Water contours at different pipe inner diameters for longitudinal 
vertical contour in X-Y-plane  
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4.5  Result and Analysis 
 
A detailed study of the oil-water distribution characteristics was carried out 
for the different variable parameters based on Table 4.1 that are related to operation 
conditions, piping geometry and fluid physical properties for fifteen (15) cases. The 
outcome of the fifteen (15) cases resulted in seven (7) comparisons of the different 
variable parameters. The influence of these parameters is evaluated based on their 
effect on the flow patterns and water local concentration. Comparisons of contours 
for different cases of water phase and velocity profiles are presented along the pipe 
and across the vertical diameter. The ratio of the height of the water layer from the 
bottom of the pipe to the diameter of the pipe, h, is plotted against the water 
concentration for different cases.  
The first type of the contour is presented on a vertical-plane along the pipe. It 
presents water contours in the X-Y plane. The second type of the contours is to 
present the water contours in cross-section radial planes at different X-planes located 
at 0.0, 1000, 2000, 3000, 4000, 5000 and 6000 mm downstream the pipe in the Y-Z 
plane. Referring to Vedaburi et al. (1997) and shi (2001), the present flow patterns are 
classified based on the flow pattern definition shown in Figure 2.1, the present work 
shows six (6) flow patterns as follows:  
 Segregated  
 Semi-segregate  
 Semi-mixed  
 Semi-dispersed  
 Dispersed flow 
 Mixed flow 
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In some references, the semi-patterns are presented under one name called stratified 
flow with a mixing at the interface (ST&MI) or three-layer (3L). Based on these definitions, 
the present work can show only four types of the flow patterns, as defined by Fairuzov et al. 
(2000):  
 Stratified flow 
 ST&MI or 3L (dual flow) 
 Dispersed flow 
 Mixed flow  
The following paragraphs present the different parameters of each condition: inlet operation 
(inlet mixture velocity and inlet water cut), oil properties (density and viscosity) and pipe 
geometries (diameter and inclinations) as coming. 
 
4.5.1 Effect of Inlet Operation Conditions 
 
Two factors are selected to present the inlet operation conditions: inlet mixture 
velocity and inlet water cut percentage. These two variables are investigated for two 
features:  flow pattern types and water holdup.  
 
Effect of inlet mixture velocity 
The effect of the inlet mixture velocities of 0.5, 1.0 and 2.0 m/s at 30% WC on flow 
patterns and local water contents (holdup) is investigated. The summary of water contours 
and velocity profiles at different planes are shown in Figure 4.24 and 4.25.  
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Figure 4.24 compares water contours at the cross-sectional planes, X5.5, that is 35.7 
of L/D downstream the inlet and longitudinal planes at the different inlet mixture velocities. 
The contours of the cross-sections show that as the velocity increases, the mixing zone 
increases. The longitudinal planes show that as the velocity increases, the separation is 
delayed.  
 
Figure 4.25 presents velocity profiles for both water and oil along the pipes for the 
three velocity changes. As flow moves forward, water velocity disappeared at the top of the 
pipe. On the other hand, the radial oil velocity distributions on the same figures have 
different profiles. The velocities distributions for oil are parabolic at the pipe inlet between 
both bottom and top sides and they disappear at the pipe bottom as the flow moves 
downstream. However, the upper half of the pipe shows parabolic velocity profiles 
distribution for the oil phase along the pipe length. The velocity profile for water slows 
down at the top of the pipe but not as low as the oil velocity at the pipe bottom. The two 
phases have different velocity at the top and the bottom of the pipe that results in a slip 
velocity. It shows that increasing inlet mixture velocity increases overlap (mixing zone) 
between oil and water velocity profiles. That agrees with the contours result above where it 
shows that water separation decreases with increasing inlet mixture velocity. Accordingly, 
water holdup reduces with increasing the mixture inlet velocities.  
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            Figure 4.24-a: Water contours at Y-Z-plane at X5.5 (L/D =35.7) 
downstream the inlet  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.24-b: Water contours along X-Y-plane  
 
Figure 4.24: Water contours at different planes for different inlet mixture velocities 
 
 
 
0.5 m/s (Case 1) 
 
1.0 m/s (Base case) 
 
2.0 m/s (Case 2) 
 
 
 
  
0.5 m/s (Case 1) 1.0 m/s (Base case) 2.0 m/s (Case 2) 
 
 
 
100%Water 
 
100%Oil 
 
Water 
Oil 
Oil 
Water 
Mix 
Mix 
Oil 
Water 
Mix 
 102 
 
 
    
a) Water and oil radial velocity profiles at 0.5 m/s 
 
    
b) Water and oil radial velocity profile at 1.0 m/s  
 
     
c) Water and oil radial velocity profile at 2.0 m/s  
 
Figure 4.25: Velocity profiles for water and oil at radial planes along the pipes at different 
inlet mixture velocities 
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The following figures, Figure 4.26, 4.27 and 4.28 compare water contours at the 
cross-sectional plane, X5.5, that is 35.7 of L/D downstream the pipe inlet of each inlet 
mixture velocity at the present work to the Shi (2001) work. The comparison is done as per 
procedure provided for Figure 4.13. The difference in flow patterns between the present 
work and the reference work for Shi (2001) might be due to the difference in pipe diameters 
between the two woks. 
Figure 4.24 shows that it requires doubling the pipe length for 1.0 m/s inlet mixture 
velocity in order to have complete separation compared to 0.5 m/s inlet mixture velocity. It 
is not achievable at this pipe length limitation to know if a complete separation at 2.0 m/s 
compared to the previous cases can occur or not. However, at same plane of X5.5, the flow 
patterns for 2.0 m/s inlet mixture velocity has large area of cross-section mixing.  
As mixture inlet velocity increases, more mixing occurs and that appears clearly at 
2.0 m/s. The inlet mixture velocity greatly influences the oil-water distribution. Comparisons 
of water contours shown in Figure 4.24 and water level change shown in Figure 4.31, the 
flow pattern can be identified as follows:  
1. Figure 4.26: at 0.5 m/s and 30% WC: The flow pattern is segregated flow compared 
to segregated flow at Shi (2001) based on the following decision: 
o The vertical line matches the present work just below the sketch of Shi (2001) with 
segregated flow. 
o While the present work contour shows very thin mixing at the interface (ST&MI) 
which per Vedaburi et al. (1997) is defined as a segregated flow, Figure 4.32 shows 
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a mixing area increasing from 0 and 100% water contents over small height drop 
that varies from 0.36 to 0.30 of h/D. On the same figure, Figure 4.32, it shows a 
good agreement to Shi (2001) work for water concentration changing across the 
pipe diameter.  
2. Figure 4.27: at 1.0 m/s and 30% WC: semi-segregated flow pattern compared to 
semi-mixed flow at Shi (2001) based on the following decision: 
o The vertical line matches the present work mixing zone within the mixing zone of 
Shi (2001) work. 
o The present work shape shows mixing at the interface and Figure 4.33 shows a high 
mixing area increasing from 0 and 100% water contents over a height that varies 
from 0.37 to 0.28 of h/D. On the same figure, Figure 4.33, it shows a good 
agreement to Shi (2001) work of water concentration changing across the pipe 
diameter.  
3. Figure 4.28: at 2.0 m/s and 30% WC: semi-mixed flow pattern compared to mixed at 
Shi (2001)  based on the following decision: 
o The vertical line matches the present work mixing zone within the mixing zone of 
Shi (2001) work. 
o The present work shape shows mixing at the interface and Figure 4.34 shows a 
mixing area increasing between 0 and 100% water contents over a large height that 
varies from 0.65 to 0.2 of h/D. On the same figure, Figure 4.34, it shows acceptable 
matching result to Shi (2001) work of water concentration changing across the pipe 
diameter.  
 105 
 
The flow patterns based on the effect of the inlet mixture velocity of 0.5, 1.0 and 2.0 
m/s at 30% is summarized as follows: 
 Segregated flow versus segregated flow pattern at Shi (2001) 
 Semi-segregated flow pattern versus semi-mixed flow pattern at Shi (2001) 
 Semi-mixed flow pattern versus mixed flow pattern at Shi (2001) 
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Figure 4.26: Flow pattern of the present work compared to Shi (2001)‟s work based on 
mixture inlet velocity of 0.5 m/s and 30% WC 
 
 
 
 
Figure 4.27: Flow pattern of the present work compared to Shi (2001) work based on 
mixture inlet velocity of 1.0 m/s and 30% WC 
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Figure 4.28: Flow pattern of the present work compared to Shi (2001) work based 
on mixture inlet velocity of 2.0 m/s and 30% WC 
 
 
Focusing to the plane X5.5 where L/D = 35.7, as shown in Figure 4.29, the radial 
water velocity distributions for the three velocities show almost axial parabolic velocity 
across the pipe diameter. For low inlet mixture velocity of 0.5 m/s, while water velocities 
profile almost the same, the oil velocity profile appears almost above 28% the height from 
the pipe bottom. Moreover, as the velocity input increases, the oil mixing or water 
entrainment in oil increases. Accordingly, the oil velocity appears below this value where it 
is approaching the pipe bottom. The oil velocity profiles appear at 20% and 12% of the 
height respectively for 1.0 and 2.0 m/s. It is important to highlight that the two phases have 
different velocities at the top and bottom of the pipe ant that is due to velocity slip between 
the two phases. However, the slip velocity is more at the pipe bottom. The reason is that, the 
oil phase bounces up to the pipe top and the water phase settles down at the pipe bottom. 
That is expected because the flow is under different forces; turbulent force and the gravity 
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force. At high velocity, water tries to settle down. However; the water phase is entrained by 
the oil due to high turbulent velocity. At certain forces balance, more water appears at the 
pipe bottom and mixing with oil on most of the pipe cross-sections. Water holdup changes 
according to the velocity change. The drift velocity as a result of velocities different between 
the two-phase is shown in Figure 4.30. In general, the slip velocity is more at the pipe 
bottom and the mixed layer flows faster than both oil and water layers. 
Figure 4.31 compares water concentration at different velocities. The curves of the 
different velocities are analyzed as follows based on the inlet mixture velocity:  
 At 1 m/s: 100% water concentration appears at pipe bottom for a height ratio of almost 
0.33 of h/D. Above 0.39 of h/D, the concentration of water is almost zero. Between 0.33 
and 0.39 of h/D, the flow is mixed of oil and water. 
 At 0.5 m/s: 100% water concentration appears at pipe bottom for a height ratio of almost 
0.33 of h/D. Above 0.39 of h/D, the concentration of water is almost zero. Between 0.33 
and 0.39 of h/D, the flow is mixed of oil and water. 
 At 2.0 m/s: 100% water concentration appears at pipe bottom for a height ratio of almost 
0.2. The concentration of water is then drops gradually to 30% water local contents at 
0.32 ratio of the h/D as a mixing area of oil and water. The mixing area is then increases 
to 0.5 of h/D at same water concentration. The water concentration gradually drops to 0 
at 0.65 of h/D.   
Figure 4.32 compares the present work to different references where it shows good 
agreements. In Figures 4.32 and 4.33, the water concentrations across the plane X5.5 at this 
work is compared to water contents change across the pipe in Shi (2001) work for the 
mixture velocities of 0.5 and 2.0 m/s respectively additional to the Figure 4.34 comparing 
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water concentration at the inlet mixture velocity of 1.0 m/s to Shi (2001) work. The water 
contents change for the different inlet mixture velocities are matching. 
  
Figure 4.29: Velocity profile for water and oil at plane X5.5 of 154 mm ID pipe at three 
velocities of 0.5 m/s, 1.0 m/s and 2.0 m/s 
 
  
Figure 4.30: Comparison of radial drift velocity for different inlet mixture 
velocities of 0.5, 1.0, and 2.0 m/s 
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Figure 4.31: Variation of water concentration in vertical position of different 
inlet mixture velocity for present work  
  
Figure 4.32: Comparison of present work to experimental work of Shi (2001) 
for water concentration in vertical position for 0.5 m/s inlet mixture 
velocity 
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Figure 4.33: Comparison of present work to experimental work of Shi (2001) 
for water concentration in vertical position for 2.0 m/s inlet mixture 
velocity 
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Effect of inlet water cut (WC) 
 
The effect of the inlet water cut of 20%, 30% and 50% WC at 1.0 m/s on flow 
patterns and local water contents (holdup) is investigated. The summary of water contours 
and velocity profiles at different planes are shown in Figure 4.34 and 4.36.  
 
Figure 4.34 compares water contours at the cross-sectional planes, X5.5, that is 35.7 
of L/D downstream the inlet and longitudinal planes at the different inlet water cuts. As 
water content increases, the local water contents increases and there is no delay to the phase 
separation. The figures show that as the inlet water cut increases, the mixing contents of 
water increases from 0.2, 0.3 to 0.5 for each case respectively. However, the mixing zone 
range is the same for the three cases with no acceleration or deceleration in the separation 
that appears clearly in Figure 4.34.  
 
Figure 4.35 shows comparison of local water velocity distribution for the three inlet 
water contents across the radial pipe diameter. As the inlet water cut increases, there is no 
change in water velocity profiles. Figure 4.35 shows that increasing inlet water cut increases 
the water holdup. As flow moves forward, water velocity disappeared at the top of the pipe. 
On the other hand, the radial oil velocity distributions on the same figures have different 
profiles. The velocities distributions for oil are parabolic at the first portion of the pipe and 
they disappear at the pipe bottom as the flow moves downstream.  The velocity profile for 
water slows down at the top of the pipe but not as low as the oil velocity at the pipe bottom. 
For low water content of 20% WC, while water velocity profile almost the same, the oil 
velocity profile appears at almost above 10% of h/D from the pipe bottom. Moreover, as the 
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water cut input increases, the water separation height at the pipe bottom increases so oil 
velocities shifts up based on the level of the oil layers. The oil velocity profiles for high 
input cuts of 30 and 50% appear at 20% and 32% of the height h/D respectively. The mixed 
layer flows faster than both oil and water layers for all planes. 
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Figure 4.34-a: Water contours at Y-Z-plane at X5.5 (L/D =35.7) downstream the 
inlet 
 
 
Figure 4.34-b: Water contours along X-Y-plane  
 
Figure 4.34: Water contours at different planes for different inlet water cuts 
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a) Water and oil radial velocity profile at 20% WC 
 
  
b) Water and oil radial velocity profile at 30% WC 
 
  
c) Water and oil radial velocity profile at 50% WC  
 
Figure 4.35: Velocity profiles for water and oil at radial planes along the pipes at 
different percentage of the inlet water cuts (WC) 
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The following figures, Figure 4.36, 4.37 and 4.38 compare water contours at the cross-
sectional plane, X5.5, that is 35.7 of L/D downstream the pipe for different inlet water cuts 
of 20, 30 and 50% WC to Shi (2001) work for same inlet water content and same mixture 
inlet velocity of 1.0 m/s.  The flow patterns are identified as follows:  
4. Figure 4.36: at 20% WC, and 1.0 m/s: The flow pattern is semi-segregated flow 
compared to semi-segregated flow at Shi (2001) work based on the following 
decision: 
o The vertical line matches the present work within a mixing zone at the sketch of Shi 
(2001). 
o The present work shape shows mixing at the interface and Figure 4.42 shows a 
mixing area increasing from 0 and 100% water contents over a height that varies 
from 0.3 to 0.22 of h/D. On the same figure, Figure 4.42, it does not show high 
agreement to Vedapuri et al. (1997) work of water concentration changing across 
the pipe diameter.  
5. Figure 4.37: at 30% and WC 1.0 m/s: semi-segregated flow pattern compared to 
semi-segregated flow at Shi (2001) work based on the following decision: 
o The vertical line matches the present work mixing zone within the mixing zone of 
Shi (2001) work. 
o The present work shape shows mixing at the interface and Figure 4.43 shows a 
mixing area increasing from 0 and 100% water contents over a height that varies 
from 0.37 to 0.27 of h/D. On the same figure, Figure 4.43, it does not show high 
agreement to Vedapuri et al. (1997) work of water concentration changing across 
the pipe diameter.  
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6. Figure 4.38: at 50% WC and 1.0 m/s: semi-segregated flow pattern compared to 
semi-mixed at Shi (2001)  based on the following decision: 
o The vertical line matches the present work mixing zone within the mixing zone of 
Shi (2001) work. 
o The present work shape shows mixing at the interface and Figure 4.44 shows a 
mixing area increasing between 0 and 100% water contents over a height that varies 
from 0.57 to 0.42 of h/D. On the same figure 4.44, it does not show high matching 
to Kumara et al. (2010) work of water concentration changing across the pipe 
diameter.  
The flow patterns resulted from changing inlet water cuts present the flow patterns of 
the present work based on the change of the inlet water cuts of 20, 30, and 50% WC 
compared to Shi (2001) work for same inlet water cuts and inlet mixture velocity of 1.0 m/s. 
The flow patterns for this variable are: 
 Semi segregated flow pattern compared to semi-segregated flow pattern at Shi (2001) 
 Semi-segregated flow pattern compared to semi-segregated flow pattern at Shi (2001) 
 Semi-segregated flow pattern compared to semi-mixed flow pattern at Shi (2001) 
 
 118 
 
 
 
Figure 4.36: Flow pattern map comparison based on 1.0 m/s mixture 
velocity and inlet water cut of 20% WC 
 
 
 
 
Figure 4.37: Flow pattern of the present work compared to Shi (2001) work 
based on mixture inlet velocity of 1.0 m/s and 30% WC 
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Figure 4.38: Flow pattern of the present work compared to Shi (2001) work 
based on mixture inlet velocity of 1.0 m/s and 50% WC 
 
More focusing to the plane X5.5, per Figure 4.39, it shows that the water velocity 
disappears but at the pipe top for all cases.  So there is intent movement for both phases but 
with different percentage. The oil phase bounces and the water phase settles down at the pipe 
bottom. That is expected as the flow is under different forces; turbulent force and the gravity 
force. At high water contents, water tries to settle down. There is a change in the entrainment 
rate compared to velocity increases; however, the water level increases as inlet water content 
increases. So increasing inlet water contents result into more water separation and less 
entrainment. The separation of oil-water two-phase flows result in a difference velocities and 
slippage between the two velocities. Figure 4.40 show velocity drift as a result of different 
inlet water cuts.  The drift is high at the pipe bottom and increases as the inlet water cut 
increases. 
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Figure 4.41 is analyzed as follows based on the inlet water contents: 
 At WC of 20%: 100% water concentration appears at pipe bottom for a height ratio 
of almost 0.22 of h/D. Above 0.30 of h/D height, the concentration of water is almost 
zero. So below a height of 0.22, there is no oil presents. Between 0.22 and 0.30 of 
h/D height, the flow is mixed of oil and water. 
 At WC of 30%: 100% water concentration appears at pipe bottom for a height ratio 
of almost 0.27. Above 0.37 of h/D height, the concentration of water is almost zero. 
So below a height of 0.27, there is no oil presents. Between 0.27 and 0.37 of h/D 
height, the flow is mixed of oil and water.  
 At WC of 50%: 100% water concentration appears at pipe bottom for a height ratio 
of almost 0.42. Above 0.57 of h/D height, the concentration of water is almost zero. 
So below a height of 0.42, there is no oil presents.  Between 0.42 and 0.57 of h/D 
height, the flow is mixed of oil and water. 
 
Figure 4.42 and Figure 4.43 show a comparison of the present work to the experimental 
measurements carried out by Vedapuri et al (1997) for water concentration of 20 and 30. For 
50 WC, it is compared to Kumara et al. (2010) work as shown in Figure 4.43. All the cases 
are conducted for same inlet mixture velocities of 1.0 m/s. The present work has acceptable 
agreement with references for water holdup range. In Figure 4.42, the present work at 20% 
WC is compared to Vedapuri et al (1997) work for water cut of 20%. Figure 4.43 compares 
the present work at 30% WC to Vedapuri et al (1997) work for water cut of 30% and 40%. 
The present work has acceptable agreement with references for water height. 
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Figure 4.39: Variation of radial (a)- water and (b)- oil velocity for different 
inlet water contents 20, 30, and 50% WC 
 
Figure 4.40: Comparison of radial oil/water drift velocity for different inlet 
mixture contents (20, 30, and 50% WC) 
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Figure 4.41: Variation of water concentration in vertical position of different inlet 
water cut for present work  
 
Figure 4.42: Present work comparison of water concentration in radial position for 
inlet 20% WC to experimental work of Vedapuri et. al (1997)  
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Figure 4.43: Present work comparison of water concentration in radial position for 30% 
inlet WC to experimental work of Vedapuri et al (1997)  
 
The flow pattern outcome from inlet operating conditions of different inlet mixture 
velocity or water contents can be summarized as follows and presented in Figure 4.44: 
 Increasing inlet mixture velocity increases water entrainment to oil, increases mixing 
range and result in lower water holdup or in situ water contents. 
 Increasing inlet water contents (WC) increases water separation height. 
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Figure 4.44: Observed flow patterns at different input mixture velocity 
and water cut 
 
4.5.2 Effect of Oil Physical Properties 
Two factors are selected to present the oil physical properties: oil viscosity and oil 
density. These two variables are investigated for two features:  flow pattern types and water 
holdup.  
Effect of oil viscosity 
 
The effect of the oil viscosity on local water contents (holdup) and flow patterns is 
investigated at oil density of 830 kg/m
3
 and oil viscosity of 2.0, 15.0 and 30.0 cP. Figure 
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4.45 shows the radial and longitudinal contours of the water phase. Figure 4.46 shows the 
radial velocity profiles along the pipe.  
 
Figure 4.45 compares the radial and longitudinal planes of water contours. The 
radial plane is located at X5.5 which is 35.7 of L/D downstream the inlet. They show that 
as the viscosity increases, the mixing zone increases. The figures show also that 
increasing oil viscosity reduces the separation rate. Figure 4.46 compares the radial 
velocities for oil and water along the pipe. In general, as oil viscosity increases, the oil 
velocity profiles have more distribution across the pipe diameter that expands to the pipe 
surface from top to bottom which reflects more mixing between oil and water. The figure 
shows also that as oil viscosity increases, the fluid layer at the bottom accelerates more 
than the layer at the top due to oil layer holds up in the pipe top occupying a great cross 
section area. The oil layer holding up moves slowly at the top and compresses water layer 
at the bottom to move at higher velocity than upper part. Accordingly, water entrainment 
to the flowing oil increases, which decreases water local contents at pipe bottom and 
increases mixing zone. 
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Figure 4.45-a: Water contours at Y-Z-plane at X5.5 (L/D =35.7)  
 
Figure 4.45-b: Water contours along X-Y-plane for longitudinal vertical plane 
 
Figure 4.45: Water contours at different planes for different oil physical properties 
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a) Water and oil radial velocity profile at 2.0 cP 
 
  
b) Water and oil radial velocity profile at 15.0 cP 
 
  
c) Water and oil radial velocity profile at 30.0 cP  
 
Figure 4.46: Velocity profile for water and oil at radial planes along the 
pipes at a) 2.0 cP, b) 15.0 cP,  c) 30.0 cP 
 128 
 
By referring to Figure 4.45 and 4.46, it shows that as oil viscosity increases, flow 
pattern changes to more mixing. As the oil viscosity increases, the mixing zone of oil-
water increases that gives an indicating of more tendency of forming stable oil-water 
mixing flow. The expected flow patterns map based on Figure 2.1 [Vedapuri et al. 
(1997)] are summarized as follows:  
 
 At 2 cP:  segregated flow prevails as the flow pattern.  
 At 15 cP: semi-mixed flow prevails as the flow pattern. 
 At 30 cP: semi-dispersed flow prevails as the flow pattern. 
 
Figure 4.47 concentrates on the velocities profile at plane X5.5 which is equivalent 
to 35.7 of L/D. It represents a comparison of velocities profile for oil and water. It shows 
the influence of increasing oil viscosity on the phase‟s distribution. Increasing oil 
viscosity increases overlap between oil and water phases and reduces water height at the 
pipe bottom by increasing the mixing zone. Figure 4.48 shows the drift velocity as the 
difference of water velocity and oil velocity at the plane X5.5. The slip velocity is an 
indication of water holdup per the definition of the drift velocity. The lower the drift at 
the bottom, the higher the water holdup is. In this case, it shows that the expected water 
holdup is low at the bottom while oil holdup at the top is high. The water holdup 
decreases by increasing oil viscosity. 
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Figure 4.47: Water and oil radial velocity profile comparison for different oil 
viscosity at plane X5.5 (L/D = 35.7) 
 
 
  
 
Figure 4.48: Slip velocity in radial velocity profile for different oil viscosity at plane 
X5.5 (L/D =35.7) 
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Figure 4.49 monitors the radial concentration changes along the pipe per each 
viscosity. It compares the effect of oil viscosity on the water concentration for the three 
cases. As oil viscosity increases, the separation is delayed downstream the pipe. At an oil 
viscosity of 2.0 cP, the rate of separation is high where it gets almost complete separation 
5.0 meter downstream at a height between 0.3 and 0.4 of h/D.  Increasing the oil viscosity 
to 15.0 cP and 30.0 cP reduces the separation rate where the complete separation does not 
appear in the pipe length 6.0 meter range. At 5.0 meter, the mixing range is between 0.69 
to 0.16 of h/D and 0.72 to 0.1 of h/D for 15.0 cP and 30.0 cP respectively.  Increasing oil 
viscosity increases the mixing as was shown in Figure 4.15. The figure compares the 
influence of the oil viscosity on the mixing zone at X5.5 (L/D = 35.7) for the three cases 
of 2 cP, 15 cP and 30 cP. It shows that the mixing zone increases by increasing the oil 
viscosity. 
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Figure 4.49: Variation of radial water concentration in vertical position of 
different oil viscosities 
 132 
 
Effect of oil density 
 
The effect of the oil density on local water contents (holdup) and flow patterns is 
investigated at oil viscosity of 2 cP and oil density of 662, 830 and 998.2 kg/m
3
. Figure 
4.53 shows the radial and longitudinal contours of the water phase. Figure 4.50 shows the 
radial velocity profiles along the pipe.  
 
Figure 4.50 compares the radial and longitudinal planes of water contours. The 
radial plane is located at X5.5 which 35.7 of L/D downstream the inlet. They show that as 
the density increases, the mixing stability increases and the separation rate is delayed. It 
shows that oil-water mixing is directly proportional to the density difference between oil 
and water that is dominated by the gravity force. The higher the difference between the 
two densities, the more separation occurs. Accordingly, heavy fluid accumulates at the 
pipe bottom and the light fluids moves towards the top. On the other hand, as the oil 
density approaches water density, the miscibility between oil and water increases. So the 
closer densities results in easier momentum and mass exchange between oil and water. At 
equal oil and water densities, the flow is fully mixed and oil shows a more concentrate 
layer on the inner surface of the pipe.  
 
Figure 4.51 compares the radial velocities for oil and water along the pipe. As the 
radial velocity profile almost uniform along the pipe for both and water at same densities, 
it shows differences for other both cases. The velocity difference between oil and water 
along the pipe is high for oil of 662 kg/m
3
 density compared to oil of 830 kg/m
3 
density. 
So it is easier to entrain water by a heavy oil phase.  
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 Figure 4.50-a: Water contours at different oil densities for Y-Z-plane at 
5.5 m (L/D = 35.7) downstream the inlet 
 
 
Figure 4.50-b: Water contours at different oil densities for longitudinal 
vertical contour X-Y planes 
 
Figure 4.50: Water contours at different oil density for cross-sectional and longitudinal planes 
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a) Water and oil radial velocity profile at 662 kg.m3  
 
  
b) Water and oil radial velocity profile at 830 kg.m3  
 
  
 
c) Water and oil radial velocity profile at 998.2 kg.m3  
 
Figure 4.51: Velocity profile for water and oil at radial planes along the pipes 
at a) 662 kg/m3, b) 830 kg/m3 c) 998.2 kg/m3 
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By referring to Figure 4.50 and 4.51, it shows that as oil density increases, the 
mixing zone of oil-water increases that gives an indicating of more tendency of forming 
stable oil-water mixing flow. The expected flow patterns map based on Figure 2.1, 
Vedapuri et al. (1997), are summarized as follows: 
 At 662 kg/m3: segregated flow prevails as the flow pattern. 
 At 830 kg/m3: segregated flow prevails as the flow pattern. 
 At 998.2 kg/m3: dispersed flow prevails as the flow pattern. 
  
Figure 4.52 concentrates on the velocities profile at plane X5.5 which is equivalent 
to 35.7 of L/D. It represents a comparison of velocities profile for oil and water. It shows 
the effect of changing oil density on the phase‟s distribution. Increasing oil density 
increases overlap between oil and water phases and reduces water height at the pipe 
bottom by increasing the mixing zone. For equal oil and water densities, the velocity of 
both phases is almost the same. Figure 4.53 shows that the drift velocity is affected by oil 
density change at the plane X5.5. The slip velocity is an indication of water holdup per 
the definition of the drift velocity. The lower the drift at the bottom, the higher the water 
holdup is. In this case, it shows that the expected water holdup is low at the bottom while 
oil holdup at the top is high. In this case, it shows that as oil density increases, the water 
holdup decreases. 
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Figure 4.52: Water and oil radial velocity profile comparison for different oil 
densities at plane X5.5 (L/D =35.7) 
 
 
Figure 4.53: Velocity drift (slip) of radial velocity profile for different oil densities at 
plane X5.5 (L/D =35.7) 
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Figure 4.54 monitors the radial concentration changes along the pipe per each 
density change. It compares the effect of oil density on the water concentration for the 
three cases. As oil density increases, the separation is delayed downstream the pipe. 
Increasing the oil density from 662 kg/m
3
 to  830 kg/m
3
 reduce the separation rate 
gradually. At 998.2 kg/m
3
, the two phases are well mixed across the radial height. Figure 
4.18, as discussed before, compares the effect of the oil density on the mixing zone at 
plane X5.5 (L/D = 35.7). It shows that as density of oil approach water density, the 
mixing zone increases. For equal densities of oil and water, there is no separation and the 
water phase shows 30% water cut across the pipe radial diameter.  
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Figure 4.54: Variation of radial water concentration in vertical position of 
different oil densities at plane X5.5 (L/D = 35.7) 
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The flow pattern outcome from different oil physical properties can be 
summarized as follows and presented in Figure 4.55: 
 Increasing oil density results in increasing the mixing zone. 
 Increasing oil viscosity increases mixing zone and result in lower water holdup or 
local water contents. 
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Figure 4.55: Observed flow patterns at different viscosity and 
density of oil 
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4.5.3  Effect of Pipe Geometry 
 
With fixing all variables in Table 4.1, three variables are selected as variables to 
present the piping geometry effect: pipe inner diameter, inclination and internal 
turbulator device. However, internal turbulator device effect is handled separately in 
chapter 5. These variables are investigated and compared for two features of two phase 
flow: flow pattern and water holdup.  
 
Effect of inner diameter 
 
The effect of the inner diameter change on local water contents (holdup) and flow 
patterns is investigated at pipe diameter of 101, 102 and 202 mm. Figure 4.56 shows the 
radial and longitudinal contours of the water phase. The radial sections are identified at 
planes X5.5 (L/D = 35.7). Figure 4.57 shows the effect of the inner diameter change by 
monitoring the radial velocities along the pipe. Figure 4.56 compares the water contours 
at both cross section plane and the longitudinal vertical plane. In general, the figures 
show that as the pipe diameter increases, flow pattern gets more mixing where the mixing 
zone of oil-water increases. It is clear that the separation is delayed by increasing the pipe 
diameter. Figure 4.57 compares the radial velocities for oil and water along the pipe. It 
shows that the influence of the inner diameter on velocity profiles is minor for this range 
of diameters. As the diameter increases, the reduction in parabolic shape of oil velocity 
profiles reduces along the pipe downstream as the velocity slows down. That means 
increasing the pipe diameter increases mixing zone. 
 
 141 
 
 
Figure 4.56-a: Water contours at different pipe inner diameters for Y-Z-plane at 
5.5 m downstream the inlet  
 
Figure 6: pipe size all water contour 1 
Figure 4.56-b: Water contours at different pipe inner diameters X-Y-plane 
for longitudinal vertical contour 
 
Figure 4.56: Water contours comparison for different pipe inner diameters 
at different planes 
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a) Water and oil radial velocity profile at 101 mm  
 
 
b) Water and oil radial velocity profile at 154 mm  
 
 
Figure 4.60 
c) Water and oil radial velocity profile at 202 mm  
 
Figure 4.57: Velocity profile for water and oil at radial planes along different 
inner pipe diameter:  a) 101 mm, b) 154 mm c) 202 mm 
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Referring to Figure 4.56, it compares the water contours at both cross section 
plane and the longitudinal vertical plane. In general, the figures show that as the pipe 
diameter increases, flow pattern gets more mixing where the mixing zone of oil-water 
increases. The expected flow patterns map based on Figure 2.1 [Vedapuri et al. (1997)] is 
summarized as follows: 
 
 At 102 mm pipe ID: semi-segregated flow prevails as the flow pattern. 
 At 154 mm pipe ID: semi-segregated flow prevails as the flow pattern. 
 At 202 mm pipe ID: semi-segregated flow prevails as the flow pattern. 
 
Figure 4.58 comparing the three different pipe sizes (102, 154 and 202 mm) at 
X5.5. It shows that the water separation for 154 mm pipe seems to be more than 102 mm 
pipe at this location and that is in agreement with Cai et al. (2004).  However, comparing 
the water separation at 202 mm to 102 mm or 154 mm pipes, it shows that the separation at 
202 mm is lower. This observation is opposite to previous observation and to the findings 
of Cai et al. (2004). The discrepancy might be justified by that the flow in 202 mm pipe not 
yet gets fully developed due to short length. So increasing the pipe diameter delays the 
separation as shown clearly in the longitudinal contours in Figure 5.60-b. The large pipe 
diameter carries higher amount of water compared to the smaller pipe diameters operating 
at same conditions. This higher amount of water requires more effort to avoid separation. 
The velocity drop between 101 mm and 154 mm is high compared to the difference 
between 154 mm and 202 mm.  Increasing the diameter from 101 mm to 154 shows a 
more mixing where oil velocity approaches the bottom. Although the oil velocity in the 
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diameter of 202 mm has more and clear mixing compared to 101 mm, it shows slight 
shift up by referring to 154 mm which is an indication of drop in the mixing. Oil is 
shifted up and the heavy flow tries to settle down based on the dominant force. It seems 
that turbulent dominants the flow for certain sizes then the gravity force takes the lead 
based on this certain operation condition. Figure 4.59 shows the drift velocity as the 
difference between water velocity and oil velocity at the plane X5.5. In general, for this 
case, it shows that the expected water holdup decreases with increasing diameter at the 
pipe bottom. While increasing the diameter from 101 to 154 mm shows high drift drop, it 
shows increase in the drift between 154 and 202 mm.  
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Figure 2: Pipe size velocity at X5.5 1 
Figure 4.58: Variation of radial (a)- water and (b)- oil velocity for different pipe 
diameters (102, 154, and 202 mm) 
 
 
Figure 3: pipe size drift 1 
Figure 4.59: Comparison of radial oil/water drift velocity for different pipe 
diameters (drift: 102, 154, and 202 mm) 
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Figure 4.60 compares the effect of diameter size on the water concentration. It 
shows that there is a constant separation rate. As mentioned before in Figure 4.22 that 
compares the effect of the pipe diameters on the mixing zone at X5.5, increasing the 
diameter increases the mixing zone. The mixing range height of h/D is between (0.32 to 
0.4) for 202 mm, (0.29 to 0.4) for 154 mm and (0.27 to 0.5) for 101 mm. Figure 4.22 
shows that as pipe diameter increases, water accumulation at the pipe bottom , water 
accumulation at the pipe bottom are almost the same. However, the mixing zone is higher 
at high diameter. The high mixing zone might be due to the high water amount at large 
diameter. This observation is shown clearly in Figure 4.60. Accordingly, it requires 
longer pipe to compare water holdup for different operations using different diameters. 
More water accumulation is expected at the bottom of the large pipe due to more water 
contents.   
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Figure 4.62: pipe size water contents 1 
Figure 4.60: Variation of radial water concentration in vertical position of 
different pipe diameters  
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Pipes of different diameter size compared at same L/D ratio 
 
The difference in separation start location at different pipe size was noticed as 
shown in Figure 4.56 comparing the water contours at planes located at same pipe length 
of X5.5 from inlet. It shows that at both cross section plane and the longitudinal vertical 
plane that as the pipe diameter increases, flow pattern gets more mixing. It is clear that 
the separation is delayed by increasing the pipe diameter. Accordingly, the comparison is 
conducted at planes located at same L/D ration of 27.2 for the three different pipe sizes as 
shown in Table 4.8. The water contours and content profiles at each plane are compared 
in Figure 4.61 and 4.62 respectively. 
 
Table 4.8: Change of monitoring planes location based on 
pipe inner diameter 
 
 
 
Piping geometry 
Variable 102 154 202 
Ratio (Lp/D) at 5500 (mm) 53.92 35.71 27.23 
Xp (mm) location based 
on Lp/D of 27.23 ratio 
2777.46 4193.42 5500 
Pipe length (Lf) (mm) 6000 6000 6000 
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Figure 4.61 compares water contours at different diameters. The cross-section 
planes are compared at same L/D ratio of 27.23. At this ratio, the water contours of 
different pipe size show identical mixing zone. 
 
The comparison of water concentration at along vertical radial line at L/D ratio of 
37.23 is shown in Figure 4.62. The water concentrations for the three pipe sizes at same 
ratio are almost the same.  
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Figure 4.61-a: Water contours comparison of different pipe inner diameters for Y-
Z-plane at same L/D ratio of 27.23  
 
Figure 6: pipe size all water contour 2 
 
Figure 4.61-b: Water contours of different pipe inner diameters X-Y-plane for 
longitudinal vertical contour 
 
Figure 4.61: Water contours comparison for different pipe inner diameters at 
different planes 
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Figure 4.62: Variation of radial water concentration in vertical position of different 
pipe diameters at L/D = 27.23 
 
 
 
Influence of pipes inclination 
 
The influence of the different pipe inclinations on local water contents (holdup) and 
flow patterns is investigated at pipe inclinations of 0
o
 (horizontal), -15
o
 (incline down) 
and +15
o
 (inclined up) all at 1.0 m/s and 30% WC. Figure 4.63 shows the radial and 
longitudinal contours of the water phase. Figure 4.64 shows the influence of different 
inclination by monitoring the radial velocities along the pipe.  
 
Figure 4.63 compares the water contours at both cross section at plane X5.5 and 
the longitudinal vertical plane. In general, the figures show that as the pipe inclined up, 
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flow pattern gets more water holdup and the down inclination reduces water holdup. 
Figure 4.64 shows that the pipe inclination strongly affects the velocity profiles along the 
pipe that has an agreement to Kumara et al. (2010) experimental work reporting that 
inclination affects both holdup and velocity profiles. In general, as pipes incline up, the 
water velocity profiles are twisted up and slow down downstream the pipe. As the pipes 
incline down, the water velocity profiles are twisted down and speed up downstream the 
pipe. On the other hand, as pipe incline up, the oil velocity is shifted away from the pipe 
bottom. However, as the pipe incline down, the oil velocity approaches the pipe bottom 
due to reduction of the water layer height. From both cases above, the gravity force 
dominates oil-water separation in inclined pipes. In case of inclined up, water 
accumulates at pipe bottom due to gravity causing oil accumulates at the top. In case of 
inclined down, water accumulates at pipe bottom while oil accumulates at the pipe top 
accelerating water at the bottom. The mixing at inclined up is higher than the inclined 
down. The reason is that in inclined up, water rolls back to mix with oil while in inclined 
down, water moves fast forward. 
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Figure 4.63-a: Water contours at Y-Z-plane at 5.5 m (L/D = 35.7) downstream the inlet 
 
Figure 4.63-b: Water contours for vertical longitudinal Y-X-plane  
Figure 4.63: Water contours at different pipe inclinations for cross-section and 
longitudinal planes 
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a) Water and oil radial velocity profile at 0
o
 
 
  
b) Water and oil radial velocity profile at +15
o
 
 
  
Figure 1 
c) Water and oil radial velocity profile at -15
o
 
 
Figure 4.64: Velocity profile for water and oil at radial planes along different 
inclinations:  a) 0
o
, b) ) +15
o
 ,and c) -15
o 
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Referring to Figure 4.63 that compares the water contours at both cross section 
plane and the longitudinal vertical plane. In general, the figures show that as the pipe 
inclined up, flow pattern gets more water holdup and the down inclination reduces water 
holdup. The expected flow patterns map based on Figure 2.1 [Vedapuri et al. (1997)] is 
summarized as follows:  
 
 At (0o) (horizontal) pipe: semi-segregated flow prevails as the flow pattern. 
 At (+15o) (inclined up) pipe: semi-segregated flow prevails as the flow pattern. 
 At (-15o) (inclined down) pipe: semi-segregated flow prevails as the flow pattern. 
 
Figure 4.65 concentrates on the velocities profile at plane X5.5 which represents a 
comparison of velocities profile for oil and water in terms of changing the pipe 
inclinations. The parabolic velocity profile for water at horizontal pipe covers the 
complete cross-section of the pipe diameter while it is twisted in cases of inclined pipes 
with a reduction of the water velocity at the top. In case of inclined up, the water layer 
accumulates at the pipe bottom due to axial pulling back gravity force that resists the 
whole flow movement. Plugging the water to large cross-section area at the bottom 
causes the oil layer at the top to accelerate up while they are forced to shift up from the 
bottom. In case of inclined down, the water layer moves very fast forward the pipe outlet 
in the direction of both the axial gravity force and the flow direction that lead to low 
water accumulation at the bottom. The high movement of the water layer at the bottom 
increases pulling water from the top that enhances mixing or delay separation. The oil at 
the top moves slowly and resists the flow movement because it occupies large cross 
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section area. The high mixing for both oil and water shows wide range of both velocity 
profiles across the diameter. The oil layer approaches the pipe bottom in case of inclined 
down due to low water height. Figure 4.66 shows the drift velocity for inclined pipes at 
the plane X5.5. The figure shows that water holdup increases during inclined up and 
reduces as the pipe inclined down referring to the horizontal pipe. At the bottom, the drift 
velocities are very high due to high water velocity. At the top, the drift velocities are low 
due to less water amount and high oil velocity. The drift in inclined down shows the 
highest, then the horizontal pipe and inclined up pipe has the lowest drift at water 
separation.  
 
   
Figure 4.69 
Figure 4.65: Comparison of radial water and oil velocity profiles for 
different pipe inclinations -15, 0, and +15
o
 at X5.5 (L/D = 35.7) 
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Figure 4.70 
Figure 4.66: Comparison of radial oil/water drift velocity for different pipe 
inclinations (drift: -15, 0, and +15) 
 
Figure 4.67 shows the effect of pipe inclinations on the water local concentration. 
It shows that during upper inclination separation rate reduces and during down inclination 
separation rate accelerates. Mixing of oil-water in inclined up pipe increases [Kumara et 
al. (2010)]. Figure 4.68 compares the influence of the pipe inclinations on the mixing 
zone at X5.5. The figure shows that all cases have almost the same separation rate. 
However, the water holdup height is shifted according to the case. The mixing range 
height of h/D is between (0.28 to 0.4) for horizontal pipe, (0.32 to 0.45) for inclined up, 
and (0.23 to 0.35) for inclined down pipe. The reason for the difference in water holdup 
based on pipe inclination is that the gravity force is more dominant at inclined pipes that 
act to accelerate or decelerate water. 
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Figure 4: Inclination all water concent 1 
Figure 4.67: Variation of radial water concentration in vertical position of 
different Pipe inclinations  
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Figure 5 
Figure 4.68: Variation of water concentration in vertical position for different 
pipe inclinations 
 
The flow pattern outcome from different piping geometry changes can be 
summarized as follows and presented in Figure 4.69: 
 Increasing pipe diameter results in increasing the mixing zone. 
 Inclined up increases water holdup and inclined down reduces it. 
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Figure 4.69: Observed flow patterns at different pipe diameters and pipe 
inclination 
 
Slip ratio and water holdup 
 
Water holdup is calculated based on the slip ratio factor calculation for different 
operation and design cases as per equations 1.3 and 3.6. The results are tabulated in Table 
4.9. Moreover, the water holdup and slip ratio factor are presented in Figure 4.70. Both 
graphs perform in the same behavior. The slip ratio factor gives an indication of water 
holdup for different variables. If the ratio is unity, the velocity is equal for both phases 
and no water holdup. If the ratio is less than unity, that means water travels faster than oil 
and the opposite is true. If the ratio is greater than unity, it is an indication of high oil 
velocity and high water holdup. Referring to Figure 4.70, the followings are observed: 
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 The higher the mixture velocity, the higher the water holdup.  
 With increasing of oil viscosity, there is a sudden drop in water holdup. 
 Increasing pipe diameter, increases water holdup. 
 The higher the water flow rate, the higher the water holdup.  
 Upward inclination increases water holdup while downward inclination reduces 
the water holdup. 
 Increasing oil to water density ratio, decreases water holdup. 
 
Table 4.9: Water holdup evaluation 
Variables D mV  
100
WC
 o  o  Vo Vw S Hw 
 
mm m/s - cP Kg/m
3
 m/s m/s - - 
Base case 154 1 0.3 2 830 1.17 1.07 1.09 0.32 
Case 1(0.5 m/s) 154 0.5 0.3 2 830 0.6 0.58 1.04 0.31 
Case 2 (2.0 m/s) 154 2 0.3 2 830 2.23 2.03 1.1 0.32 
Case 3( 15 cP) 154 1 0.3 15 830 1.02 1.16 0.88 0.27 
Case 4 (30 cP) 154 1 0.3 30 830 0.85 1.17 0.73 0.24 
Case 5(102 mm) 102 1 0.3 2 830 1.2 1.15 1.05 0.31 
Case 6 (202 mm) 202 1 0.3 2 830 1.16 1.09 1.07 0.31 
Case 7 (20 WC) 154 1 0.2 2 830 1.16 1.06 1.08 0.21 
Case 8 (50 WC) 154 1 0.5 2 830 1.16 1.17 1.0 0.50 
Case 9 (15 deg. Up) 154 1 0.3 2 830 1.25 0.81 1.54 0.40 
Case 10 (15 deg. Dn) 154 1 0.3 2 830 1.1 1.48 0.75 0.24 
Case 11 (998 kg/m
3
) 154 1 0.3 2 998 1.0 1.0 1.0 0.30 
Case 12 (662 kg/m
3
) 154 1 0.3 2 662 1.18 1.15 1.03 0.31 
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Figure 4.70: Water holdup and slip ratio monitoring 
 163 
 
4.5.4 Corrosion Calculation 
 
The corrosion calculation is not absolute for each case. It is a comparison based 
on each variable. By assuming corrosive environment for operation of different operation 
and design conditions, the internal corrosion can occur due to availability of free water 
layer. Accordingly, the expected corroded surface area that is covered by at least 90% 
free water layer, the corroded surface area is determined by locating the height of the 
water layer for each variable. The wetted surface area ( swA ) with at least 90% free water 
below the cord (c) and by calculating the corrosion rate referring to the base case per 
equation 3.12, the results are tabulated below for each variables. 
 
Effect of inlet conditions 
 
The inlet condition variables affect the corrosion rate as shown in Table 4.10. The 
corrosion based on the wetted-water surface area increases in two cases and reduces in 
two cases. By reducing the velocity to 0.5 m/s and increasing the inlet water contents to 
50% WC, the wetted-water area increases by 1% and 26% respectively. By increasing the 
velocity to 2.0 m/s and reducing the inlet water contents to 20% WC, the corrosion rate 
reduces by 16% and 13% respectively.    
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Table 4.10: Corrosion of wetted-water surface area based on the inlet conditions 
Cases Diameter 
(D) (mm) 
nh  
Dim/less 
nCeS  
Dim/less 
Note 
Base case 154 0.311 1.00 Base wetted-water area 
Case 1(0.5 m/s) 154 0.320 1.01 Increase by 1%. 
Case 2 (2 m/s) 154 0.227 0.84 Reduce by 16%. 
Case 7 (20% WC) 154 0.2434 0.87 Reduce by 13%. 
Case 8 (50% WC) 154 0.4595 1.26 Increase by 26%. 
 
 
Effect of oil properties 
 
The corrosion with variable oil physical properties is different from inlet 
condition variables effect as shown in Table 4.11. The corrosion rate increases only in 
one case when oil density is less than water density to show a corrosion rate increase by 
1%. In three cases, the corrosion rates reduce by 40%, 55% and 100% for 15 cP, 30 cP 
and 998.2 kg/m
3
, respectively.  
 
Table 4.11: Corrosion of wetted-water surface area based on the oil properties 
Cases Diameter (D) 
(mm) 
nh  
Dim/less 
nCeS  
Dim/less 
Note 
Base case 154 0.311 1.00 Base wetted-water area 
Case 3(15 cP) 154 0.119 0.60 Reduce by 40%. 
Case 4 (30 cP) 154 0.068 0.45 Reduce by 55%. 
Case 11 (998.2 
kg/m
3
) 
154 0 0.00 Reduce by 100%. 
Case 12 (662 
kg/m
3
) 
154 0.320 1.01 Increase by 1%. 
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Effect of piping geometry 
 
The piping geometry variables affect the corrosion rate as shown in Table 4.12. 
The corrosion rate increases in two cases and reduces in two cases. By reducing the pipe 
diameter to 102 mm and having the pipe inclined 15 degrees up, the corrosion rate 
increases by 1% and 4% respectively. By increasing the pipe diameter to 202 mm and 
having the pipe inclined 15 degrees down, the corrosion rate reduces by 2% and 14% 
respectively.    
 
 
Table 4.12: Corrosion of wetted-water surface area based on the piping geometry  
Cases Diameter (D) 
(mm) 
nh  
Dim/less 
nCeS  
Dim/less 
Note 
Base case 154 0.311 1.00 Base wetted-water area 
Case 5 (102 mm) 102 0.3178 1.01 Increase by 1%. 
Case 6 (202 mm) 202 0.3005 0.98 Reduce by 2%. 
Case 9 (15 deg. 
Up) 
154 0.3337 1.04 Increased by 4%. 
Case 10 (15 deg. 
Down) 
154 0.2389 0.86 Reduce by 14%. 
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CHAPTER 5 
 
INTERNAL TURBULATOR DEVICES 
 
5.1 Introduction 
 
This is a preliminary work in the field of two-phase turbulator devices. The 
internal turbulator device is a new application in multiphase immiscible fluid. The device 
is installed inside a flanged spool, Figure 5.1. The spool can be inserted at certain 
locations along the production pipelines to control the flow patterns at certain locations. 
Two different designs of turbulator devices are selected, Type-A and Type-B showed in 
Figure 5.1 and 5.3 respectively. These two types are evaluated at two different operation 
conditions as per Table 5.1.  
 
Double cone turbulator 
device, type-A 
Pipe spool Flange
Flow area Bolt holes
 
Figure 5.1 
Figure 5.1: Pipe spool including turbulator device, type-A 
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The reported applications of the turbulator device are mainly limited for blending 
and mixing in the chemical process industry for polymer melt and additives. The scale of 
segregation between the liquids is greatly reduced by this process such that eventually 
diffusion can complete the mixing process [Cao, et al. (2003)]. The operation of the 
turbulent devices is covered in the following paragraph. However, the installation of the 
turbulator devices is not covered in this work. It requires support bars to fix the turbulator 
device inside the pipe spool fixed in certain design. 
 
5.2 Operation Conditions 
 
The operation conditions are subtracted from Table 4.1 and are shown in Table 
5.1. The inlet flow is designed as a segregated flow of oil and water entering the pipe as 
shown in Figure 5.2.  The partition exists only at the entrance and no longitudinal 
partition. The volume ratio is 20 % water and 80% oil for turbulator device A-type and 
30% to 70% ratio for type-B turbulator device. Type-A is used with a pipe of 100 mm 
inner diameter and type-B is used with 154 mm inner diameter pipe. Both pipes operate 
at same operation conditions of 1.0 m/s for oil and water. The oil has a density of 830 
kg/m3 and viscosity of 2 cp and the water has a density of 998.2 kg/m3 and viscosity of 
1.0 cP.  
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Turbulator device, type A Flow pipeWater inlet
Oil inlet
Partition
L1
Pipe spool
 
2 Figure 5.2: Inlet condition 
Figure 5.2: Entrance to pipe with a turbulator device 
 
 
Table: 5.1: Operation condition for turbulator devices  
 
Table 6.1: Operation conditions 1 
Turbulator Devices Design (Case 13 & Case 14) 
Inlet flow pattern Segregated Flow 
Velocity (m/s): Oil/Water 1  
Viscosity (cP): Oil/Water 2 / 1.002  
Density (kg/m3): Oil/Water 830 / 998.2  
Operating Press (MPa)  0.13 
Operating temp (K)  298 
Inner pipe Dia (mm): Oil/Water 100 or 154 
WC% 20 or 30 
Inclination (Degree) 0 
Length (m) 6 
Turbulator device Type-A or Type-B 
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5.3 Turbulator Device System 
The turbulator device system design consists of two parts: the design of the 
turbulator device and the design of the inlet flow for both fluids. The following sections 
cover these parts. 
5.3.1 Turbulator Device Design 
The present work includes two types of turbulator devices: Type-A and Type-B 
shown in Figure 5.1 and 5.3 respectively. These turbulators can be designed to provide 
certain velocities downstream the device. These velocities may assist to achieve certain 
flow patterns. The design of these two types is as follows. 
 
Turbulator device: Type-A  
 
The device, type-A, is shown in Figure 5.1. This type consists of a double cone. 
The turbulator device center is located at 1000 mm downstream the inlet for type-A. It 
can be designed so that the upstream velocity of 1.0 m/s can reach to 3.0 m/s at the device 
location to give a mixing that reduces water local contents to around 75%, per Figure 5.8.  
The device A-type is sized based on the target flow pattern. For example, to get a mixture 
velocity of (V2) of oil and water, per Table 5.1, flowing in a pipe of cross section area 
(A1) that have oil and water as separated fluids each flows at velocity (V1). By utilizing 
turbulator device A-type, the following steps are followed: 
 170 
 
 Adjust the inlet of both oil and water to maintain same inlet velocity for both fluids 
based on the inlet volume fraction of each separated fluid and the fluid properties 
from Table 5.1 to fix the height (L1). The adjustment of the inlet portions are covered 
in section 5.3.2. 
By fixing the height, L1, the target cross-section area is calculated based on the mixture 
target velocity, V2: 
o Put the target velocity 2V , which is limited not to be more than V1 by 2 m/s 
where V2 = V1 + n, n ≤ 2. 
o 
2
1
12
V
V
AA   
Now, the turbulator device is sized as follows: 
The smallest flow cross section-area is at the middle of the double cones where both 
bases are attached. So the flow area is calculated based on the target velocity, V2, then the 
cone base diameter, Db, is identified: 

).(4 2AADb

  
bAAA 2 , 
4
2
b
b
D
A   
The base diameter, Db, in this case is increased by 5% to have effective base diameter 
(Dbe) and approximately equals 2/3 diameter of the pipe. The length of one cone in the 
flow direction equals the base diameter, Db, adding to that a correction factor equals to 
the ratio of effective base diameter to the pipe diameter by the base diameter, 
(Dbe/D)*Db). Finally, the turbulator device, type-A, is designed as shown in Figure 5.2. 
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Turbulator device: Type B 
 
Turbulator device, type-B, is shown in Figure 5.3. This type consists of a hollow cone. 
The cone base at type-B is located at 1000 mm downstream the inlet. It can be designed 
so that the upstream velocity of 1.0 m/s can reach to 3.0 m/s at the device location to give 
a mixing that reduces water local contents to 70% per Figure 5.9.  
 
Hollow cone 
turbulator device 
Pipe spool Flange
Flow area Bolt holes
 
Figure 5.3 
Figure 5.3: Type-B turbulator device 
 
The turbulator device B-type is sized based on the target flow pattern. For example, to get 
a mixture velocity of (V2) of oil and water, per Table 5.1, flowing in a pipe of cross 
section area (A1) that have oil and water as separated fluids each flows at velocity (V1) 
utilizing turbulator device B-type, the following steps are followed: 
 Adjust the inlet of both oil and water to maintain same inlet velocity for both fluids 
based on the inlet volume fraction of each separated fluid and the fluids properties 
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from Table 5.1 to fix the height (L1). The adjustment of the inlet portions are covered 
in section 5.3.2. 
By fixing the height, L1, the target cross-section area is calculated based on the mixture 
target velocity, V2: 
o Put 2V , where V2 = V1 + n, n ≤ 2. 
o 
2
1
12
V
V
AA   
R1
R
b
R
3
R
2
B1 =10 mm, Outer gap
Inner gap
Pipe
Inner cone
 
Figure 5.4 
Figure 5.4: Type-B turbulator device gap detail 
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Now, the turbulator device is sized as follows: 
The smallest flow area is at the base of the cone. So the flow area is calculated based on 
the target velocity, V2, at the base: 
)()( 232 rbr AAAAA  , 
4
2
b
b
D
A  , 
4
2
2
2
r
r
D
A  , 
4
2
3
3
r
r
D
A   
Referring to Figure 5.4: 
 Outer gap (B1) is fixed to 10 mm and based on the inlet partition height of L1 , the 
flowing relations are calculated: 
 Db = 2*R1 – 2*L1, Dr2 = 2*R1 -2*B1, D = 2R1 = ID =154 mm, 
5.022
2
2
1
2
3 )(*2 br RRR
A
D 

 
The diameter, Dr3, in this case is reduced by 5% to have effective diameter (Dr3e). The 
new required area is then calculated. The inner cone length in the opposite direction of 
the flow equals the effective diameter Dr3.  
5.3.2 Inlet Flow Design 
The flows enter as segregated flows (separated flows) at the inlet in a horizontal 
pipe by dividing the inlet to equivalent portions to the volume fractions. Oil enters 
through the upper portion while water enters from the lower portion. The two fluids move 
as stratified flows with some mixing at the interface that continue until they hit the 
existing turbulator device, type-A or B, downstream. The flows then get mixed with 
different degrees of mixing based on the turbulator device design and the operation 
conditions.  
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The inlet area is divided corresponding to the volume of each phase entering the 
pipe to make sure continuous separated flows before reaching the turbulent device. The 
inlet partition is design as follows:  
The required inlet cross section-area is calculated for the separated fluid at velocity V1= 
1.0 m/s entering the pipe based on the fluids properties from Table 5.1. 
www AVQ .  
4
2D
A  , wo AAA   
}])12(1)[12()12(cos{25.0 5.02111
12   LLLDAw   
Then by trial calculations based on the flow rates and the height, L1, the calculations are 
repeated until getting the target volume fraction for both fluids as required of 20% WC 
for Type-A and 30% WC for Type-B. The mass flow rates, wm
.
and om
.
, and volume for 
both phase calculations are calculated per the following formulas: 
wwww AVW .. , wooo AVW ..  
%
ow
w
w
QQ
Q
Q

 , %
ow
o
o
QQ
Q
Q

  
 
5.4 Influence of Internal Turbulator Device 
 
The water local contents or holdup is presented in longitudinal paths that are 
located at the pipe vertical center at different height, h, from the pipe bottom, per Figure 
5.5. The paths are located at different heights as a percentage of the pipe diameter, D. The 
first and highest paths are very close to the pipe wall, where the first one, h = 0%D, is 2.0 
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mm above the wall and the highest one, h = 100%D, is 2.0 mm below the wall. The other 
paths are at 25%D, 50%D and 75%D. Two cross-section contours at Y-Z plane are 
located at 0.6 and 1.2 m downstream the inlet. The central vertical contour at X-Y plane 
presents the flow patterns along the pipe.  One flow pattern type in noticed created at 
these two types of the turbulator devices. The created flow pattern is Oil and Dispersed 
Oil in Water (O&Do/w). Figure 5.6 and Figure 5.8 are related to type-A turbulator 
device. Figure 5.7 and Figure 5.9 are related to type-B turbulator device. 
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Figure 5.5  
Figure 5.5: Radial and longitudinal pipe planes with longitudinal 
central lines at different height  
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Figure 5.6 shows water contours at cross-sections and longitudinal planes using 
type-A turbulator device. The cross section plans show two locations at 600 and 1200 
mm downstream the inlet or X0.6 and X1.2 planes respectively. The X0.6 plane shows 
separated flows. The X1.2 plane shows mixed and pure phases. The mixed phase at the 
pipe bottom shows a mixture rising oil percentage at pipe bottom to around 25% oil. The 
upper phase is pure oil.  
 
Figure 5.7 shows water contours at cross-sections and longitudinal planes using 
type-B turbulator device. The cross section plans show two locations at 600 and 1200 
mm downstream the inlet or X0.6 and X1.2 planes respectively. The X0.6 plane shows 
separated flows. The X1.2 plane shows mixed and pure phases. The mixed phase at the 
pipe bottom shows a mixture rising oil percentage at pipe bottom to around 30% oil. The 
upper phase is pure oil.  
 
Figure 5.8 shows water longitudinal concentration for turbulator type-A in a pipe 
of 100 mm diameter. It shows that there is no water available at the upper half (100%, 
75% and 50%D). At level of 25%D, the water concentration jumps to around 62%. It 
then increases gradually to around 75% at the turbulator center, before it drops sharply to 
around 10%. The concentration increases fluctuating gradually to reach 100% at the exit. 
At pipe bottom (0%D), in general, the water concentration is 100% all over the pipe 
length. It has a drop in water concentration reaching to 75% in the range of L/D between 
12 and 20 which is facing the change in 25%D level drop in concentration.  
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Figure 5.9 shows water longitudinal concentration for turbulator type-B in a pipe 
of 154 mm diameter. It shows that there is no water available at the upper half (100%, 
75% and 50%D). At level of 25%D, the water concentration starts from around 30% and 
jumps to 100%. It drops gradually to 5% at L/D of 10 which is at the turbulator base.  
The concentration starts fluctuating in low range to reach zero% at the exit. At pipe 
bottom (0%D), the water concentration is 100% up to L/D = 25. Then there is a gradual 
drop in the concentration without any justification. 
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Figure 5.6 
Figure 5.6: Water contours with Type-A turbulator device for different Y-Z-
plane and X-Y-plane at 1.0 m/s and 20% WC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 5.7 
Figure 5.7:  Water contours with Type-B turbulator device for different Y-Z-
plane and X-Y-plane at 1.0 m/s and 30% WC 
X= 0.6 m, downstream inlet X= 1.2 m,  downstream inlet 
 
 
 
 
X= 0.6 m: downstream inlet 
X= 1.2 m:  downstream inlet  
 
  
 
 
100%Water 
 
100%Oil 
 
 
 
100%Water 
 
100%Oil 
 
 
 
1000 mm 
1000 mm      
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Figure 5.8: Comparison of water concentration along 100 mm inner diameter 
pipe with A-type turbulator device at different longitudinal centered heights for 
velocities of 1.0 and 20% WC (Case_13) 
 
 
Figure 5.9: Comparison of water concentration along 154 mm inner diameter 
pipe with B-type turbulator device at different longitudinal centered heights for 
velocities of 1.0 and 30% WC (Case_14) 
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CHAPTER 6 
 
CONCLUSIONS AND RECOMMENDATIONS 
 
The following conclusions and recommendations can be reached based on 
the detailed study of the present work about different operation conditions of oil-
water flow in horizontal and near horizontal pipes as per Table 4.1. 
 
6.1 Conclusions 
 
Several conclusions can be drawn from the result of the present work. These 
conclusions are applicable to the study of flow patterns and corrosion in 
multiphase pipelines.  
  
General: 
 The present work shows high matching to the previous experiments which reflects the 
model validity and practicality. 
 It shows that the design conditions have significant effects on the change of 
the flow pattern that are immediately reflected in the corrosion rate change.  
 The gravity impact changes as the design and operation conditions changes. 
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Effect of inlet conditions: 
 The flow patterns change based on the operation conditions.   
 As velocity increases, the phase separation is delayed.  
 Water cut significantly affects the oil-water separation. 
 Increasing inlet water contents leads to more water separation and less 
entrainment.  
 By reducing the velocity to 0.5 m/s and increasing the inlet water contents to 
50%, the corrosion rate increases by 1% and 26%, respectively, where gravity 
power is increases. 
 By increasing the velocity to 2.0 m/s and reducing the inlet water cut to 20%, the 
corrosion rate reduces by 16% and 13%, respectively, where gravity force power 
is reduced. 
 Even with identical water cut, the local water fraction (water holdup) can be very 
different dependent on the flow pattern existing in the pipe.  
 
Effect of oil physical properties: 
 Increasing the oil viscosity increasse its tendency to be more mixed and/or be 
dispersed flow. This result is also commented by Yeo et al. (2000). 
 Increasing oil viscosity may cause oil layer holds up in the pipe top that leads to 
accelerate the water layer at the bottom. 
 Oil-water mixing is directly proportional to the density difference between oil and 
water that is dominated by the gravity force. 
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 Reducing density difference between oil-and-water reduces the gravity affect and 
increases mixing range and the opposite is right. Large density differences 
increases the phases separation and that agrees with Yeo et al. (2000). Similar 
observation was reported by Charles et al. (1961) for their experimental work of 
equal density oil-water by noticing concentric water with oil flowing in the core. 
 By increasing the oil density to 998.2 kg/m3, the flow pattern becomes dispersed.  
 The corrosion rate increases only in one case when oil density is less than water 
density to show a corrosion rate increase by 1%. In the other three cases, the 
corrosion rate shows a reduction by 40%, 55% and 100% for 15 cP, 30 cP and 
998.2 kg/m3 respectively.  
 
Effect of piping geometry: 
 Increasing pipe diameter increases mixing zone toward dispersion flow pattern to 
agree with Valle (1998). 
 The degree of mixing largely depends on the pipe inclination where upward 
inclinations enhance the mixing zone due to high effect of gravity on the follow 
causing water back rolling.  
 Upper inclination increase phase accumulation at pipe bottom due to water flow 
deceleration by gravity force acting back. This observation is in agreement with 
what was reported by Valle (1998) for 15
o
 upward inclined flow.  
 Downward inclination reduces water accumulation at the pipe bottom due to flow 
acceleration by gravity force acting forward. 
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 The corrosion rate increases in both reducing the pipe diameter and having the 
pipe inclined up by 1% and 4%, respectively.  
 By increasing the pipe diameter to 202 mm compare to the base case and having 
the pipe inclined 15 degrees down, the corrosion rate reduces by 2% and 14% 
respectively. 
 
Effect of turbulator devices: 
The turbulator devices based on the present work shows limited improvement in 
mixing zone. However, it could be a good tool to mitigate corrosion in pipelines. 
 There is an uncertainty of using turbulator alone to mitigate corrosion in 
pipelines. 
 It is expected to be very attractive using turbulator devices to create the suitable 
flow pattern to inject the right inhibitors at the right flow pattern. 
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6.2 Recommendations 
 
The following are recommended future studies using the present work design and 
operating conditions. 
 
Dimentional analysis: 
 
i) Reynolds Number 
 
The present work covers the Reynolds numbers (Re_m) for the mixture at the 
inlet of the pipe as tabulated in Table 6.1, 6.2 and 6.3 based on different variables. It is 
recommended to utilize the Re_m (7.97E+04) for all cases and calculate the required pipe 
diameter or inlet mixture velocities. So the target will be two variables: the inner 
diameter in case of investigating the inlet conditions and oil densities variables and inlet 
mixture velocity in case of investigating different inner pipe sizes. This work will 
generalize the picture for the flow pattern behavior by dealing with a common reference 
factor which is the Reynolds number at the mixture inlet.  
 
Table 6.1: Change of pipe diameter based on inlet conditions 
 
 
Base Inlet mixture velocity (m/s) Water cut % (WC) 
Variable 1 0.5 2 20 50 
Re_m  
(Calculated) 7.97E+04 3.99E+04 1.59E+05 7.39E+04 9.38E+04 
Re_m  
(Recommended) 
7.97E+04 
ID (mm)  
(Calculated) 154.0 308.0 77.0 166.2 130.9 
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Table 6.2: Change of pipe diameter based on oil physical properties 
 
 
Oil viscosity (cP) Oil density (kg/m3) 
Variable 15 30 662 998.2 
Re_m  
(Calculated) 1.26E+04 6.37E+03 6.91E+04 9.04E+04 
Re_m  
(Recommended) 
7.97E+04 
ID (mm)  
(Calculated) 977.9 1928.6 177.7 135.8 
 
 
Table 6.3: Change of inlet mixture velocity based on pipe size 
 
 
Piping geometry 
Variable 102 202 154 
Re_m  
(Calculated) 5.28E+04 1.53E+05 7.97E+04 
Re_m  
(Recommended) 
7.97E+04 
V_m (mm)  
(Calculated) 1.5 0.8 1.0 
 
 
 
Turbulator devices 
 
As the present work in the field of turbulator devices is preliminary, addition 
work is required. It could be a good idea to investigate using lower water droplets 
diameter and inject a stream to the oil-water two phase flows as a chemical inhibitor. The 
objective is to check the mixing effectiveness of the inhibitor using turbulator devices 
and find the best location of the injection nozzle.  
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